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INTRODUCTION 

The Laser Geodynamic Satellite (Lageos) was launched from the Western Test Range on 
May 3, 1976, and achieved its planned orbit. Although there are several other satellites that 
are used as targets by ground-based laser ranging systems, this is the first satellite devoted 
exclusively to laser ranging. As such, the Lageos plays a key role in the National Aeronautics 
and Space Administration’s (NASA’s) Earth and Ocean Dynamics Application Program 
(EODAP), as well as the increasing international effort in laser measurement systems for 
geophysics investigations (Reference 1). Lageos is expected to have a lifetime that may well 
span several decades, and will be tracked by the several types of existing lasers as well as the 
next generation systems. To maximize the usefulness of the data to be gathered by existing 
systems and to guide the development of the next generation ranging systems, Lageos under- 
went extensive prelaunch testing at the Goddard Space Flight Center (GSFC) in December 
1975 and January 1976. These tests represent the most thorough evaluation of satellite- 
borne laser reflectors yet carried out and are the subject of this document. 

The Lageos 

This satellite was designed as a passive long-lived target with a stable weU-defined orbit. As 
such, it functions as a reference point in inertial space and by ranging to it, sets of ground- 
based laser systems may recover their internal geometry, or their position with respect to 
the Earth’s center of mass, or their position with respect to an inertial reference. The geo- 
physical investigations to be carried out in conjunction with Lageos require that the ranging 
measurements be made with an accuracy of about 2 cm. Several error sources contribute to 
the total error in such systems (Reference 2), and at the 2-cm level, each must be carefully 
scrutinized. In this case, the error contributed by the satellite itself cannot be allowed to 
exceed 5 millimeters (mm) if the overall 2-cm system accuracy is to be achieved. Lageos 
is shown during testing at GSFC in figure 1 . 

In order to enhance its reflectivity as a laser target, the satellite is covered with optical cube 
corners which retrodirect any incident optical signal. There are a total of 426 cube comer 
reflectors (CCR’s); 422 of these are made of fused silica. These operate throughout the visible 
and near infrared portions of the spectrum. The remaining 4 are of germanium which is 
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Figure 1 . Lageos shown during test at GSFC. 

effective in the middle infrared (10-micrometer) region. These germanium CCR’s were not 
installed on the satellite at the time of the GSFC test, and no tests were conducted on these 
units at GSFC. The fused silica CCR’s on Lageos are unique in that the back faces are uncoated 
so as to ensure very long life; all other CCR’s flown on NASA satellites have had reflective 
coatings on the back faces. 

The primary orbit and satellite characteristics are listed as follows: 


Altitude 
Inclination 
Eccentricity 
Diameter of Satellite 
Weight 

Number of Retroreflectors 


5900 km 
110 degrees 
0 

60 cm 
411 kg 

422 fused silica 
4 germanium 


Purpose and Scope of GSFC Tests 


The Lageos tests can be subdivided into two major parts: target-signature tests and Udar 
cross-section tests. A discussion of each follows. 


Target Signature 

Target-signature tests concentrate on the spreading, distortion, and delay induced on a very 
short laser pulse by the satellite reflectors. The design of optimal transmitters and receivers 
for laser-ranging systems is heavily impacted by these considerations, and therefore these data 
become essential for both the existing laser tracking network as well as the evolving next 
generation systems. In addition to the spreading and distortion effects, pulses reflected by 
the satellite emerge from points near the surface of the satellite (since the CCR’s are located 


near the outer surface). However, in most geophysical applications, it is desirable to “correct” 
the range measurement so that it can be related to the center of gravity of the target, since 
it is this point whose motion through the Earth’s geopotential field can be precisely calculated. 
In general, this “correction” is a function of the attitude of the satellite with respect to the 
incident pulse. Because Lageos is a completely unstabilized target and because no information 
will be available on its attitude, it is important to: (1) measure the value of the range correction 
and (2) measxure the amount of variation in this correction as a function of attitude. Attitude- 
dependent variations represent a noise source in the ranging system which may not be reducible 
through data averaging. 

Lidar Cross Section 

The lidar cross section (a) is the single parameter which quantifies the ability of a target to 
reflect incident energy in a specified direction (Reference 3). Because Lageos is in an orbit 
which is substantially higher than most of the other CCR-equipped satellites (5900 km versus 
I a typical 1000-km orbit), the radar link is much more difficult, making the absolute value of 
the lidar cross section extremely important. As discussed in Reference 3, ct is a function of the 
characteristics of the incident signal (wavelength, polarization, and angle of incidence) and the 
direction of interest in the far field of the reflected signal. All these factors were modeled 
during the design phase of the Lageos CCR’s (Reference 4), but it was widely recognized 
that variations in the properties of individual cube corners due to material inhomogeneity 
and manufacturing tolerances could be substantial (Reference 5), and that the overall per- 
formance of an array consisting of several hundred of these reflectors could be significantly 
different than the computer model. With this motivation, extensive tests of the cross-section 
value and the far-field pattern of reflected signals from Lageos were carried out during this 
program. 

TARGET SIGNATURE TESTS 

The target signature tests were divided into three parts. The first part addresses the average 
spreading that is imposed on reflected laser pulses by the satellite reflectors. The second part 
consisted of measurements of the range corrections so that range measurements can be refer- 
enced to the satellite center of mass; the third part addresses the pulse-to-pulse waveform 
variations which result from coherent interference between the individual satellite reflectors. 
The tests are described in this order in the sections that follow. 

Pulse Spreading 

Physical Mechanism 

The mechanism of pulse spreading can be understood by reference to figure 2. When a trans- 
mitted laser pulse illuminates the satellite, all the cube corners within approximately ±25° of 
the pulse propagation direction reflect significant energy back to the transmitter (Reference 
5). Because these CCR’s are on the surface of a sphere, they are at different distances from 
the transmitter, and the pulses reflected back to the transmitter will be displaced in time (as 
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c. DETECTOR IMPULSE RESPONSE 



d. DETECTOR OUTPUT 



Figure 2. Array-induced pulse spreading. 

shown in figure 2b). Generally, the receiver is collocated with the transmitter, and its output 
signal (figure 2d) is given by the convolution of its impulse response (figure 2c) with the 
received pulse train;* this pulse can be significantly broadened as compared with the return 
from a single CCR or a flat array of CCR’s aligned normal to the transmitted pulse (which 
would produce a detector output given by the convolution of figures 2a and 2c). 

It should be noted that in those cases where the reflected pulses overlap in time (for example, 
pulses 5, 6, and 7 of figure 2), the resultant waveform is dependent on the relative phases of 
the optical fields of the respective pulses;^ the impact of these coherent interactions on pulse 
spreading is discussed in the section, “Pulse Shape Variations due to Coherency Effects.” 
However, for average pulse-spreading considerations, these coherent effects can be neglected, 
and net reflected signal can be obtained by addition of pulse energies. 


*In the more general case of separated transmitter and receiver stations, the effect is no different. 

tin a rigorous sense, this is true only for the case of very high optical signal-to-noise (SNR) ratios. At low signal levels, the 
randomness induced by poissonian photoemission causes another degree of randomization of the output waveform 
(Reference 6), The data to be reported here result from averaged waveforms built up using large numbers of optical pulses 
(typical 10^). This averaging is equivalent to operating at very high SNR. 
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Instrumentation and Measurement Technique 

The electro-optical system used for the target signature tests is shown in figure 3. A contin- 
uous wave (CW) lamp pumped Nd:YAG* laser was mode-locked at 200 MHz using an acousto- 
optic loss modulator. The laser was operated in the lowest order spatial mode (TEM^^j), with 
approximately 0.3 watt of average 1 .06-jum power, and produced a 200-MHz train of short 
pulses where each pulse typically had the shape shown in figure 4a. The 1.06-Mna pulse train 
was focused into a 5-mm cube of barium sodium niobate for second-harmonic generation; 
about 10 mW of 0.53-/am radiation was generated. This 0.53-Mm pulse train became the trans- 
mitter signal for all target signature tests. No direct measurement of the 0.53-jum pulse shape 
was possible because of the extremely short rise times involved, but an accurate calculation 
of the pulse can be made based on the 1 .06-jum pulse shape and the well-known quadratic 
dependence of second harmonic-power generation on fundamental power. The results of this 
calculation are shown in figure 4b; this indicates that a 0.53-Mm pulse width of about 60 ps 
full width at half-maximum (FWHM) was transmitted to Lageos during those tests. The 1 .06- 
(im pulse train was separated from the second harmonic by a polarization beam splitter^ (fig- 
ure 3). 



Figure 3. Optical system for Lageos pulse-spreading tests. 

•Neodymium yttrium aluminum gamet. 

^When BaNaNio is used as a type 1 frequency doubler, the fundamental and second harmonic beams are orthogonally polarized. 
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50 ps 



X = 1.06 MICROMETERS 
FULL WIDTH AT HALF MAXIMUM: 90 ps 
PULSE MEASURED BY GaAsSb PHOTODIODE 


Figure 4a. Nd:YAG laser mode-locked pulse. 


50 ps 



X = 0.53 MICROMETERS 

FULL WIDTH AT HALF MAXIMUM: 60 ps 


Figure 4b. Frequency doubled mode-locked pulse (calculated). 




These pulses were detected by a fast photodiode so as to monitor laser amplitude and wave-shape 
stability. The 0.53-Mm beam was directed into a beam expander/spatial filter telescope (Tropel 
Catalog No. 280-50) to minimize spatial amplitude variations in the beam cross section. After re- 
flection by a front-surface flat mirror, the beam was brought to focus by the f/3.6 objective at the 
front surface of the pin hole beam splitter. This splitter was a flat mirror which had a drilled coni- 
cal hole of an apex diameter 1 80 jum. The position where the f/3.6 objective focused the outgoing 
beam was located precisely at the focal plane of the large (80-cm diameter) parabola, so the out- 
going beam, afer passing through focus, expanded* and was collimated by the parabola. This col- 
limated beam illuminated the Lageos as well as a flat reference array of CCR’s which were used 
throughout these tests for calibration purposes. A photograph of the satellite in its handling fix- 
ture and the reference array is shown in figure 5. 



Figure 5. The satellite In its handling 
fixture and reference array. 


*As is apparent from figure 3, the expanding beam substantiaJlly overfilled the parabola so that only the central portion 
of the beam (which had very little amplitude taper) was used to illuminate the satellite. 
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The return signal from the satellite and reference array traverses the exact same path as the 
transmitted signal (due to the retrodirective property of cube corners) and is brought to a 
focus at the front surface of the pin-hole beam splitter. This pin-hole beam splitter serves 
to separate the transmitted and received signals, while maintaining excellent imaging quality 
throughout the receiver system.* The transmitter beam, when focused by the f/3.6 objec- 
tive, has an essentially diffraction-limited spot size of about 3 (xm, and can therefore easily 
pass through the 18.0-/im hole in the splitter. The return beam from the satellite (and/or 
reference array) has an angular spread of about ± 45 microradians (jur), that results in a 
spot size of about 800 nm when focused by the large collimating parabola onto the front 
surface of the splitter. The central 1 80 /um of this image is lost, but the remainder is re- 
flected by the splitter to a relay lens that magnifies the image and establishes the desired 
image plane scaling. A photograph of the f/3.6 objective, beam splitter, and relay lens is 
shown in figure 6. The portion of the image that is lost is of no consequence because it 
subtends only about the central 20 /itr of the reflected beam. The velocity aberration effect 
(Reference 3) causes ground-based receivers to be located 35 to 38 /ur off the axis of the 
return beam, and all target signature measurements were made in this part of the far-field 



Figure 6. The f/3.6 beam splitter and relay lens. 


♦Alternate techniques for transmitter receiver isolation such as partially silvered beam splitters were not acceptable because 
of the depolarizing effects and multiple images generated. 
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pattCTn. Two types of field stops were used during these tests: (1) a small circular aperture 
of 0.1 8-mm diameter and (2) an annulus of 3-mm inner radius and 4-mm outer radius. With 
a receiver system focal length of 100 m, this corresponds to an angular subtense of 1.8 jar 
for the circular aperture and a transmission ring of 30 to 40 /ar for the annulus. The energy 
passing through the field stop was collected by a relay lens and focused through an inter- 
ference filter onto the photocathode of a high-speed photomultiplier (Varian Catalog No. 

1 54). A photograph of the detector assembly is shown in figure 7. The manufacturer’s 
performance specifications for this detector are given in the following list: 


Designator 


Description 


Photocathode/Window Material 
Cathode Diameter 
Cathode Quantum Efficiency 
Gain 

Number of Stages 
Dynode Material 
Anode Dark Current 
Output Current 

Bandwidth, 0 to -3 Decibel (db) 
Anode Rise Time (10% to 90%) 
Output Coupler 

Dimensions, Housed with Magnets 
Weight 


S-20/ Sapphire 
5.08 mm (0.2 in) 

10 Percent Typical at 5300 Angstrom (A) 

10® Typical 
6 

Becu Alloy 

3 X 10-® Typical at 20°C 
250-Microamps (juA) Maximum Continuous 
Direct Current (dc) to 2.5 Gigahertz (GHz) 

150 Picoseconds (ps) 

50-Ohm Coaxial OSM 

8.25 cm (3.25 in) X 6.68 cm (2.63 in) 15.87 cm (6.25 in) 
1.81 kg (4 lb) 


The photomultiplier output signal as well as a synchronized trigger signal from the laser were 
sent to the data system shown in figure 8. The sampled analog waveforms that were developed 
by the sampling system were digitized by a Tektronix R7912 and stored in the computer. 

The R7912 supplied waveforms to the computer at a rate of approximately 10 per second. 
Typically, for a given set of test parameters, 100 waveforms were input to the computer, 
averaged by the computer, and the resultant waveform delivered to one of the output devices. 
Following the data taking, the averaged waveforms were recalled from storage and hardcopy 
generated. The waveforms were analyzed graphically to recover pulse shape characteristics 
and interpulse spacing. A photographic overview of the entire test area (with only the large 
collimator outside the frame) is shown in figure 9. 


Results 

The received waveforms that were analyzed during the target signatiure tests are shown 
schematically in figure 1 0. To make full use of the precision available from the time axis 
of the R79 1 2, the pulse pair shown in the figure was recorded for each of target signature 
tests. This reference-array pulse and the Lageos pulse differ only because of the planar and 
nonplanar characteristics of their respective cube corner arrays, and this fact was used to 
measure the pulse spreading induced on the laser pulse by the Lageos. 
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Figure 7. Detector assembly. 



Figure 8. Data processing system. 
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The results of the pulse-spreading tests are shown in figure 1 1 . The measured values vary 
from 210 ps to 260 ps depending on the orientation of Lageos with respect to the incident 
pulse. The satellite was rotated with respect to the incident pulse by the handling fixture 
shown in figure 5; however, the reference array was not changed and remained normal to 
the incident pulse throughout the tests. 
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LAGEOS ORIENTATION (LONGITUDE) 


• WAVELENGTH 0.53 urn 

• ALL READINGS! 5 ps 

• INSTRUMENTATION SYSTEM RESPONSE 
TIME (FWHM) 205 ps 

Figure 1 1 . Pulse width of reflected signals from Lageos. 


Because CCR’s as much as 25° off-normal contribute to the return signal, a data point such 
as +60° latitude and 0° longitude, in fact, samples the satellite over the ranges of +35° to +85° 
latitude and 335° to 25° longitude. As shown in figure 1 1 , the average pulse width of the 
received signal was 240 ps. A sample of the measured waveforms is shown in figure 1 2. 

The temporal resolution of the instrumentation system (as measured by the returned from 
the flat reference array) was 205 ps, so the instrumentation system (especially the photo- 
multiplier) contributed significantly to the measured pulse width. The relative contributions 
of satellite and instrumentation system to the total pulse width can be evaluated to first 
order by assuming Gaussian waveshapes for both the reference array and Lageos signals. In 
this case, the pulse widths add in quadrature and the Lageos contribution can be easily eval- 
uated. These results are listed in figure 13 and can be used to estimate the width of the re- 
flected pulse from Lageos for arbitrary transmitter/receiver systems by carrying through the 
root-sum-squares (RSS) calculation. 
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A motion picture camera was installed in the received optical system (figure 3) and relay 
lens, No. 1 was repositioned, so that an image of the rotating satellite (rather than the far- 
field pattern of the retixm beam) was recorded on film. Four of these frames are shown in 
figure 14. The brightneK of the individual CCR is proportional to the total energy reflected 
by each. The arc of CCR’s in the lower right-hand corner is the reference array; each of the 
cubes in this array was normal to the incident beam, and therefore no brightness variation 
exists. Figxire 14a shows a localized cluster of CCR’s dominating the return signal, and 
therefore very little pulse spreading would be expected at this satellite attitude. Figure 14b 
shows Lageos with its north pole aligned with the incident beam. The black spot in the center 
is the location of one of the germanium CCR’s. These CCR’s were not installed at the time 
of the tests, but even if they were in place, the results would not be different because germa- 
nium is opaque at visible wavelengths. Figure 14c shows the north pole again, but in an off- 
axis condition. Figure 14d is another orientation where significant pulse spreading can be 
expected. The amount of pulse spreading contributed by off-axis CCR’s can be estimated 
using the geometry of figure 15.* Inspection of these values and the frames of figure 14 
show the reason for the pulse spreading variations listed in figure 1 1 . 

Analysis of the waveforms from the reference and satellite arrays shows that the Lageos- 
induced broadening is primarily an increase in pulse fall time, with pulse rise time changes 
too small to be measured. The data reported in this section were taken with a “point” aper- 
ture (0.9-iir radius) positioned 35-/ir off-axis in the far-field pattern of the reflected beam. 
During an actual satellite pass, the ground-based receiver will change position in the far field, 
although always remaining 35- to 38iur off-axis. Accordingly, during these tests, data were 
taken with the “point” receiver at different locations in the 35- to 38-ht annular region. 

No significant difference from the data of figure 1 1 was noted. Data were also taken with 
the “point” aperture replaced by a 30- to 40-jur annular aperture. These data are effectively 
an average of the pulse shapes over the entire far-field region of interest. Again, no signifi- 
cant difference from the data of figure 1 1 was noted. In conclusion, the data of figure 1 1 
are an accurate measure of the pulse-spreading characteristics of the Lageos, and this 
characteristic is not a sensitive function of receiver position in the far field. 

Center-of-Gravity Correction 

The range measurements from a ground station to Lageos during a typical satellite pass are, 
in fact, distance measurements from a well-defined point on the ground to a point approxi- 
mately 5 cm inside the surface of the Lageos. The geophysical applications for which Lageos 
was launched require that the range measurements be “corrected” so that they can be inter- 
preted as distance measurements to the center of mass of the satellite. To do this, it is neces- 
sary, to first define precisely the location of the equivalent reflection point within the satellite, 
and, secondly, to measure the variability of this point with satellite attitude, because this 
represents a potentially irreducible error source in the overall ranging system. 


*An accurate calculation must take into account not only the energy reflected by eadi CCR but also the antenna pattern 
associated with each CCR return. 
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Figure 14. Lageos images for various orientations. 
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Figure 15. Effect of off-axis OCR's on pulse spreading. 


Physical Mechanism 

The equivalent reflection point for a solid cube comer is given by 

AR = Lv4i^ - sin^ 0 (1) 

where 

AR is measured from the center of the front face of the cube comer to the reflection 
point 

L is the vertex to front-face dimension 
n is the refractive index of the material 
6 is the angle of incidence 
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Using this equation and the geometry of figure 1 5, it follows that the reflection planes for the 
first and second rows are 3.6 mm and 14.5 mm further into the satellite than that of the normal 
CCR. The total signal detected at the receiver station is the sum of the contributions from 
the individual CCR’s; therefore, with proper weighting, the received waveform could be calcu- 
lated and the equivalent reflection plane, precisely defined. There are two difficulties which 
prevent this analytic treatment from being entirely adequate. 

First, the proper weighting to apply to each of the CCR reflections is not known better than 
approximately ±3 dB due to material and manufacturing variations inherent in high-gain CCR’s. 
Secondly, the geometry of figure 15 is merely one particular orientation of the satellite with 
respect to the incident pulse, and a shift of just 5° of the (unstabilized) satellite would signifi- 
cantly change the relative positions of the individual CCR reflection planes. It is clear from 
the photographs of figure 14 that significant variations and asymmetries in the cluster of 
active Lageos CCR’s exist for different satellite attitudes. 

The optical system that was used for the range-correction measurements and is shown in 
figure 16, was nearly the same as that used for the pulse-spreading tests (figure 3). The two 
differences are: (1 ) the insertion of a polarization rotator in the 0.53-iuni beam just before 
the entry into the spatial filter-beam expander telescope assembly and (2) the insertion of 
a mask with a clear aperture equal to 1 cube comer diameter in front of the satellite. The 
data processing system was the same as described in the section, “Instrumentation and Mea- 
surement Technique” under “Pulse Spreading” and illustrated in figure 8. 

Instrumentation and Measurement Technique 

The measurement technique can be explained with the aid of figure 17. At the top of this 
figure, the Lageos is shown behind a mask which allows only the cube comer normal to the 
incident beam to be illuminated. This results in a signal S^j(t) at the output of the receiver, 
where R refers to the pulses from the flat reference array in front of the mask, and the Lageos 
single cube comer signal is as shown. The mechanical design of the Lageos places the front 
face of each of the CCR’s at a distance of 298.1 mm from the center of the satellite. There- 
fore, by using equation (2), the point within the satellite fi-om which the single CCR pulse 
is reflected can be defined precisely in terms of its relation to the satellite center of mass; 
similarly, by measuring the value of S^j (t), the position of the reference array, with respect 
to the satellite center, can be defined precisely. Having recorded the S^(t) signal, the mask 
was then removed, and the entire satellite was illuminated by the pulse train. This results in 
the signal Sj (t) at the receiver output. The range correction, AR, for satellite orientation 1 
can then be computed from 


ARj = 298.1 - (L)(n) - — (mm) 


( 2 ) 
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Figure 16. Optical system for Lageos 
range correction measurements. 


where 

L = 27,8 mm 
n = 1.455 


\ (s) (3) 

This measurement sequence was repeated for a sufficient number of Lageos orientations so 
that the entire satellite was mapped. The numerical values for the range correction are slightly 
different depending on whether leading edge (half maximum) or peak detection is used in the 
receiver. Both sets of values were computed and are reported under “Results.” 

Calibration 

The instrumentation system used in these tests was evaluated in terms of its precision (or 
resolution) and absolute accuracy of time-interval measurement. The precision test consisted 
of illuminating the reference array and Lageos as in figure 1 7 (with mask removed), recording 
the received waveshape, measuring the time interval between the reference array and Lageos 
pulses, and repeating this measurement a number of times without any changes to the system. 
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RECEIVED 

signal pulse from single CCR 



Figure 17. Measurement technique for Lageos. 


The statistics of the time-interval measurement were computed, and the standard deviation 
of the measurement was defined as the system precision. One typical set of measurements 
is listed in table 1 . 

Precision checks were run several times during the course of the Lageos testing, and the re- 
sults listed in table 1 are typical. To measure accuracy, the Lageos was removed from the 
collimated beam, and an additional flat array of OCR’s was installed in front of (and to the 
side of) the reference array. The distance between the two arrays was measured with a 
caliper, and then the two arrays were illuminated by the laser pulses. The received pulses 
were recorded, and the time differential between the reflections from the two arrays was 
measured. This measurement of array spacing was then compared with the caliper measure- 
ment to evaluate absolute accuracy. The results of this test are listed as follows: 


File No. 

Spacing (ps) 

LR5811 

1248 

LR5812 

1250 

LR5813 

1264 

LR5814 

1248 
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File No. 

Spacing (ps) 

LR5815 

1262 

LR5816 

1247 

LR5819 

1243 

LR 5820 

1252 


Predicted Pulse Spacing (Based on Caliper 
Measurement) = 1255 ps 
Average Difference (Measured— Predicted) = 
3 ps (0.5 mm) 


Table 1 

Instrumentation System Precision 


File No. 

Time Interval (ps) 

Time Interval (ps) 

(Half Max. to Half Max.) 

(Peak to Peak) 

LR 1429 

1140 

1131 

LR 1430 

1143 

1120 

LR 1431 

1143 

1117 

LR 1432 

1152 

1137 

LR 1434 

1143 

1114 

LR 1435 

1143 

1120 

LR 1436 

1137 

1137 

LR 1438 

1143 

1134 

LR 1439 

1134 

1131 


Standard Deviation (Half Maximum) = 3.8 ps (0.6 mm) 
Standard Deviation (Peak) = 8.9 ps (1.3 mm) 


Based on these precision and accuracy tests, it is estimated that the pulse measurements are 
correct to within ± 1 mm (or ±7 ps). 

Results 

The range correction measurements for Lageos using the criterion of leading edge/half-maximum 
detection are given in figure 18. The average value is 25 1 mm with a variability of standard 
deviation 1.3 mm. The data points at locations -27° latitude and 7° longitude and -27° latitude 
and 1 23° longitude and at the north pole correspond to germanium CCR positions. Some re- 
duction in range correction at these locations is apparent as would be expected. 

A similar range-correction map is shown in figure 19 for the case of peak detection at the re- 
ceiver. The average correction is slightly less at 249 mm and has a variability with a standard 
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Figure 18. Lageos range-correction map— half-maximum detection. 






deviation of 1 .7 mm. The range-correction variations for both the half-maximum and peak 
detection cases are significantly less than the 5-mm systems specification. 

The data of figures 1 8 and 19 were taken with a 1 .8-iir receiver field stop-positioned 35 fir 
off the center line of the return beam. Additional measurements were taken to determine 
if the location of the receiver in the far-field pattern would have any effect on the range 
correction.* The receiver was positioned at four different locations (separated by 90°) in 
the far field and reference array /Lageos pulse spacing measured. No significant variations 
were found; peak deviations in the range correction were approximately 2 mm. 

Range-correction measurements were also taken with the annular-field stop in the receiver 
system; this essentially averages out any position-dependent variations which do exist. These 
results are shown in figure 20, where the listing at the top refers to leading edge half-maximum 
detection and the values at the bottom are for peak detection. As expected, the variations 
are somewhat less, with the half-maximum values having a standard deviation of 0.2 mm and 
the peak detection values having a standard deviation of 1.3 mm. 

The effects of transmitter polarization on range correction were also investigated. The satellite 
was illuminated with a circularly polarized beam, as well as three different linear polarizations; 
the range correction was measured for each case. No statistically significant differences were 
observed. 

Pulse Shape Variations Due to Coherency Effects 

As noted in the section, “Physical Mechanism” under “Pulse Spreading” and figure 2, the 
laser pulses returned by the individual retroreflectors on the satellite often overlap in time, 
and therefore the net field strength at the photodetector is determined by the coherent 
addition of the fields from the individual pulses. These optical fields have phases that are 
not predictable, and therefore the detected piilse shape can be expected to show some amount 
of randomness. Since the time-of-flight measurement is referenced to some point on the 
return signal waveform, this variation in received wave shape will introduce some amount of 
error in the range measurement. 

No direct measurements of single-shot Lageos reflected signals which had sufficient band- 
width to show coherent fading were made during this test program. The technology to per- 
form such measurements is available,^ but is very complex and could not be fitted into the 
very tight prelaunch schedule. 

However, computer calculations were carried out which provide a good estimate of the 
magnitude of this effect. The program for these calculations (Retro-Lageos) was developed 
by one of the authors (P. O. Minott) and can be used for cube comer arrays of arbitrary 
geometry. 


♦This is important because in typical ground station -orbiting satellite geometries, the receiver position in the far field of 
the return beam moves nearly 180° around the annulus from beginning to end of a pass. 

^ Streak tubes have sufficient bandwidth and sensitivity to make single shot measurements. 
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DEVIATIONS FROM MEAN IN MM - HALF MAX. DETECTION 



DEVIATIONS FROM MEAN IN MM - PEAK DETECTION 



LAGEOS ORIENTATION (LONGITUDE) 


WAVELENGTH: 0.53 //m 

RECEIVER FIELD OF VIEW: 30 - 40 r ANNULUS 


Figure 20. Range- correct ion nneasurements taken with 
annular-field stop in receiver system. 
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The calculation procedure for Lageos was as follows: 

1. The satellite orientation with respect to the incident pulse was specified. In this case, 
the face of the south-pole cube comer was normal to the incident beam. . 

2. The satellite was illuminated with a plane wave of specified wavelength, polarization, 
and shape; in this case wavelength was 0.53 jum, polarization was vertical, and pulse 
shape was Gaussian with a 63-ps standard deviation. 

3. Each of the participating retroreflectors reflects back a signal whose magnitude is 
proportional to the lidar cross section of the retroreflector and whose phase depends 
upon its position. 

4. To determine the magnitude of the pulse from each retroreflector, the program cal- 
culates a far-field-diffraction pattern (FFDP), computes the position of the receiver 
(including velocity aberration effects), and assigns the value corresponding to this 
point as the energy of the reflected pulse. 

5. Each cube comer produces a pulse with identical temporal width but with differing 
peak positions due to the different distances of the individual retroreflectors from 
the laser source. The program accounts for this by calculating the optical line-of-sight 
distance from the reflection point of each cube corner to the satellite center of 
gravity (CG), This is converted to a temporal delay of each cube corner pulse refer- 
enced to the spacecraft CG. 

6. When the pulses returned from each cube comer are known, both from a magnitude 
and temporal delay standpoint, the pulses are summed to obtain the net array pulse. 
However, a simple summing of the wave forms from all the retroreflectors would 
produce only the incoherent wave shape. Therefore, the square root of each pulse 
magnitude is taken to convert to a term proportional to the optical field strength, 
and a random number generator is used to assign phases between 0 and radians. 

The resultant pulses are then summed to obtain the coherent field strength pulse 
shape of the array. To convert back to signal strength, the resultant pulse magnitude 
is then squared. 

7. At this point, a single coherent pulse shape has been generated. To determine the 
statistics of the pulse centroid position, the process is repeated several hundred times, 
and a histogram of the pulse centroid position is developed. 

Figure 21 gives the results of these calculations for Lageos. Even with all other system param- 
eters fixed, it is apparent that the centroid of the reflected pulse can undergo peak-to-peak 
excursions of several hundred ps. The standard deviation of the received pulse is calculated 
to be 77 ps. Taking into account that each measurement is a two-way (or double pass) range 
measurement, this standard deviation becomes 1.15 cm in range. 

Clearly, an error source of this magnitude is very significant for Lageos tracking. However, the 
pulse shape variations that cause this should be essentially uncorrelated over time intervals of 
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HISTOGRAM OF REFLECTED PULSE 
CENTROIDS (COMPUTER CALCULATION) 



Figure 21 . Lageos pulse shape variations due to 
coherent fading. 


approximately 1 second (which is the typical spacing of range measurements), and therefore 
data averaging over measurement sets of 10 would effectively reduce this error source to 
approximately 4 mm. 


LIDAR CROSS-SECTION TESTS 


Introduction 


The major reason for a careful analysis of the Lidar cross section is shown in figure 22. This 
figure shows the expected signal levels from Lageos, using a cross-section value of 7.0 million 
square meters, and the parameters of the present Stationary Laser (Stalas) tracking station. 
Table 2 shows the parameters of the existing laser tracking stations. The last column labeled 
station parameter (Pg ) gives the figure for each existing station computed as follows 

32ir%ToTpE.r /d\2 

(hu) [dj 


where 77 


'o 


D 


= quantum efficiency of receiver phototube 
= optical efficiency of transmitter/receiver combination 
= tracking error loss 
= energy transmitted by laser 
= receiver diameter 


26 



N^, = number of photoelectrons required for an acceptable range measurement 

hu = energy of a photon at the laser wavelength 

6.J. = transmitter divergence to the 1 /e^ intensity points (Gaussian profile assumed) 

In this table, has been set at 1 . 


LAGEOS SIGNAL STRENGTHS 



Figure 22. Lidar cross-section analysis. 

From figure 22, it can be seen that at 70° zenith angle only 9 photoelectrons are received, 
while at 50° zenith angle only 50 photoelectrons are received. Figure 23 shows the root- 
mean-square range error to be expected for various signal levels. Clearly, the accuracy of 
Lageos ranging is severely limited at present and for the near future by the small cross section 
of the satellite. However, because Lageos is expected to have a useful lifetime of several 
decades, improvements in ground-station technology should reduce this problem. As shown 
in figure 23, an increase of 10 to 20 times in ground-station effectiveness will be required to 
fully utilize the accuracy inherent in the Lageos array. 

Because of the very weak signal levels, it was decided that a careful analysis of the Lidar cross 
section was necessary. The results of this analysis shown in the following sections indicate 
that while the average cross section is approximately 70 percent of its design value (10 million 
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Table 2 

Parameters of Existing and Proposed 
Laser Tracking Stations 


Tracking 

Station 

(A) 

Ex 

(joules) 

V 

(%) 

Dr 

(cm) 

(%) 

0.^ 

T 

(mrad) 


Ps 

(M^ X 10“ ) 

SAO 1 

6943 

0.50 

3.0 

51 

34 

0.6 

0.5 

0.20 

SA0 2 

6943 

0.50 

3.0 

51 

34 

0.6 

0.5 

0.20 

SAO 3 

6943 

0.50 

3.0 

51 

34 

0.6 

0.5 

0.20 

MOBLAS 2 

6943 

0.25 

2.5 

51 

15 

0.25 

0.5 

0.22 

MOBLAS 1 

6943 

0.80 

2.5 

41 

15 

0.15 

0.5 

1.24 

MOBLAS 3 

6943 

0.80 

2.5 

51 

15 

0.15 

0.5 

1.91 

MOBLAS 4* 

5320 

0.25 

10.0 

75 

26 

0.20 

0.5 

3.86 

MOBLAS 5* 

5320 

0.25 

10.0 

75 

26 

0.20 

0.5 

3.86 

MOBLAS 6* 

5320 

0.25 

10.0 

75 

26 

0.20 

0.5 

3.86 

MOBLAS 7* 

5320 

0.25 

10.0 

75 

26 

0.20 

0.5 

3.86 

MOBLAS 8* 

5320 

0.25 

10.0 

75 

26 

0.20 

0.5 

3.86 

STALAS 

5320 

0.25 

10.0 

61 

0.15 

0.10 

0.5 

5.90 


*Under development 
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Figure 23. Range error versus signals. 
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square meters (m^ )), for certain conditions it drops by nearly an order of magnitude. The 
effects noted are expected to result in considerable changes in the method of operation of 
the ground tracking networks. 

Instrumentation 

Description of Test Equipment 

In the following paragraphs, the design parameters of the test equipment used for the Lageos 
FFDP tests are discussed. 

The FFDP test setup is shown in figure 24. A laser projects radiation into a polarization ro- 
tator which controls the orientation of the laser radiation. The beam is then spatially filtered, 
expanded, and condensed by a pair of refractive objectives and passed through a hole-coupling 
beam splitter. The hole-coupling beam splitter is at the focus of an 85-cm diameter parabola 
of 900-cm focal length, which produces an 85-cm collimated beam to illuminate Lageos when 
coupled to the previous optical system. Radiation reflected by Lageos is focused by the para- 
bola on the hole-coupling beam splitter, which deflects it into an 11:1 relay lens, which, in 
turn, produces an expanded image of the FFDP on the optical data digitizer. 


LAGEOS 



Figure 24. Lageos FFDP optical test setup. 
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Several lasers were used in the FFDP tests to evaluate the performance of Lageos at different 
wavelengths. The parameters of these lasers are shown in table 3. 


Table 3 

Laser Parameters 


Qiaracteristic 


Laser Type 


HeCd 

HeNe 

Nd:YAG 

Wavelength (pm) 

0.4416 

0.6328 

1.064 

0.532 

Average Output (a>) 

0.017 

0.010 

0.350 

0.010 

Transverse Mode Structure 

TEMoo 

TEM„„ 


TEM„„ 

Amplitude Stability 

±5% 

±3% 

±5% 

±10% 

Polarization 

Linear 

Linear 

Linear 

Linear 

Polarization Purity 

1000:1 

>100:1 

>50:1 

> 50:1 


The polarization rotator consists of a Gaertner Babinet-Soleil compensator, which acts as a 
X/4 plate to produce circularly polarized radiation. This is followed by a Nichol prism, which 
selects the desired polarization when a plane polarized beam is desired. The Nichol prism is 
removed from the system on all tests denoted as circularly polarized. The adjustable nature 
of the Babinet-Soleil compensator allows it to be adjusted to X/4 for any desired wavelength. 
Tests confirmed a better than 100: 1 extinction ratio for the cross polarization when in the 
plane-polarized mode. 

A Spectra Physics Model 331/332 beam expander /spatial filter was used to expand the laser 
beams to 50 mm and to spatially filter the laser beams. This was followed by a second Model 
331 colhmating objective, which focuses the beam on a hole-coupling beam splitter. 

The hole-coupling beam splitter consists of a 25.4-mm (1-in.) diameter, 2.99mim (0.1 18-in.) 
thick fused silica flat inclined at 45° to the axis of the transmitted beam. At the center of 
this flat, a cone-shaped hole (f/3.0) is drilled from the back, through the flat, along the axis 
of the transmitted beam. The hole in the front reflective face of the flat is a 45° ellipse with 
a 1 80-/xm minor diameter. The reflective face is flat to a tolerance of 1/4 wave and aluminized 
and overcoated with SiO. Because this flat is the only polarization sensitive element in the 
system, its reflectivity was checked as a function of polarization orientation and was found 
to be constant within 5 percent. 

The parabola is a 900-cm focal length, 85-cm aperture aluminized fused silica element. Its 
full aperture resolution is on the order of 50 jur, but it is diffraction-limited over any 3.81- 
cm element. The source (located at the hole-coupling beam splitter) was placed in the focal 
plane, but off-axis in the horizontal direction by 35 cm. The parabola was, therefore, working 
in a 2.23° off-axis condition. 
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The satellite (Lageos) is supported in a fixture that allows it to rotate about the polar or 
equatorial axes built into the Lageos structure. The rotation axes can also be tilted relative 
to the optical axis and in a vertical plane by ±90° . This allows the satellite to be viewed from 
any combination of latitude and longitude. (See figure 5.) 

The 60-cm reference flat shown in figure 24 is accurately aligned normal to the incident 
radiation, and is used for calibration of the spatial scale of the FFDP and its intensity cali- 
bration. The flat is aluminized and overcoated with SiO and has a reflectivity of 92 percent 
at 6328 A. Its use is further described in a future section of this document. 

The reflected FFDP from Lageos was imaged on the hole-coupling beam splitter by the 900-cm 
parabola. Because this scale was incompatible with the optical data digitizer, an 11:1 relay 
lens was used to lengthen the effective focal length to 100 meters. 

The optical data digitizer (ODD) is basically a computer-controlled digital video camera that 
can be commanded by a computer to scan the image and store the intensity values for each 
coordinate location in digital form. Its characteristics are shown in figure 25. The ODD was 
controlled by a PDP-1 1/40 computer and was modified by incorporating an electromechanical 
shutter that could be computer controlled. Exposures were made at 2.5 ms to eliminate 
image motion. A narrow-band interference filter was used to eliminate stray room light, and 
neutral density filters were used for additional control over exposure. 

Spatial Resolution 

The goal of the optical systems used for the Lageos FFDP tests was to obtain a spatial reso- 
lution of 5 ta. The primary source of aberration was the 85-cm parabola used to collimate 
the radiation incident on the spacecraft. Because it was necessary to produce an obscuration- 
free beam, the parabola could not be used on-axis. It was therefore used 2.23° off-axis, which 
allowed the source to be 35-cm off-axis and prevented the source from obscuring the satellite. 
It is well known that the aberrations of a parabola off-axis are quite severe, and if it had been 
necessary to use the entire beam, the aberrations would have been intolerable. However, the 
retroreflective nature of the cube comers compensates for all aberrations of the collimator 
except those occurring within the aperture illuminating an individual cube comer. Therefore, 
the collimator effectively had an aperture of 3.81 cm, and with a focal length of 900 cm 
was working at f/236. In order to determine the image quality, a ray trace was done using 
the GOALS Program, which resulted in the data shown in figure 26. The geometrical ray 
trace/ray distribution in the system focal plane for perfect retroreflector is listed as follows: 

Percent Diameter 

Total Rays Microradians (ut) 

10 1.2 

20 2.0 

30 2.4 

40 3.4 

50 4.6 
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Percent 

Diameter 

Total Rays 

Microradians (/ar) 

60 

5.8 

70 

6.0 

80 

7.2 

90 

8.6 

100 

10.0 


These data are for the worst location in the collimator beam. Resolution was better by a 
factor of about 2 over most of the beam. Therefore, the spatial resolution was approximately 
the 5 III desired. 

Parallax 

When an array of cube corners is observed in a collimator of the type used in this experiment, 
focusing of the system is quite critical. The focal range for an individual cube corner is quite 
large (141 mm), so that focusing of the system is unimportant from the individual cube corner 
standpoint, but, from the array standpoint, unless the focal plane relayed to the optical data 
digitizer corresponds to the plane of the source, severe parallax will occur. At the source plane, 
all images overlap as they would in the far field, but in front of this plane, the ray bundles 
from each cube comer converge on the source and diverge behind it. The method used in 
this experiment to assure that parallax does not occur is to move a single cube corner about 
the aperture of the parabola. If the image is observed to move in the final image plane, then 
parallax exists and must be corrected by moving the relay lens. Using this technique, parallax 
could be easily kept below 2 yx. 

Beam Uniformity 

The radiation from the lasers was spatially filtered by a Spectra Physics Model 331/332 
spatial filter /beam expander to produce a 50-mm (1/e^ intensity points) diameter collimated 
beam. After being condensed by a second Model 331 objective and passing through the hole- 
coupling beam splitter, it emerged as an f/3.6 cone which illuminated the 85-cm parabola. 
Because the focal length of the parabola was 900 cm, the cone was 250 cm across when it 
reached the parabola. Because only the central 30 cm of the beam-illuminating cube corners 
in Lageos are capable of producing reflection, we need worry only about the beam taper 
over the central 30 cm. After passing through the spatial filter, the beam intensity profile 
is Gaussian and described by the following equation 

I/Io = (5) 

where r is the radius of interest and a is the 1/e^ intensity radius. Since r is 15 cm (30 cm/2) 
and a is 125 cm (250 cm/2), the intensity at the edge of the 30-cm effective beam was theo- 
retically 97.2 percent of the central intensity. Experimentally, the evaluation of the beam 
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EMR 


Schlumberger 


EMR PHOTOELECTRIC 

Model 658 A 



GENERAL 

Until quite recently, visual data had to be manually or mechanically pre-processed before the 
computer could synthesize it into meaningful information. The new EMR Optical Data Digitizer has 
made this off-line pre-processing a thing of the past. With the O.D.D. the computer perceives visual 
data on-line as it determines what should be looked at and for how long. 

By eliminating the pre-processing operation and by permitting the selection of pertinent input, the 
O.D.D. expands the service capability of the computer into visual applications whose scope is limited 
only by the imagination of the user and his software capabilities. 

HOW THE O.D.D. WORKS 

The Optical Data Digitizer creates the binary equivalent of a two-dimensional optical image and 
thus prepares it for’ immediate input for the computer. Having complete control over the O.D.D. 
scan along the X, Y coordinates enables the computer to select the size of each scanning step, choose 
the direction of the scan, determine the dwell time per element, all with random access capabilities. 
The computer based on predetermined instructions, can then perform computations and initiate pro- 
cedures in accordance with the kind of data it receives. It can also perform arithmetic functions such 
as summing, averaging over several cycles, deconvolving, or formatting for tape entry. 

To occommodate the wide range of applications for which the O.D.D. can be utilized, a choice of 
image sensors is available and includes the highly reliable EMR Image Dissector and a number of 
vidicon sensors (SEC, SIT/EBS, SbjSj, PbO, or Si). 

The mode of converting the optical image into its electronic equivalent varies with the sensor. Using 
the Image Dissector, conversion takes place by scanning an electronic image emitted by a target 
across an aperture. Vidicon sensors, on the other hand, perform this function by holding the corre- 
sponding charge pattern on a target for subsequent read-out by one electron beam. The deflection 
field for either type of sensor is provided by a scanning-function driver which receives its analog 
voltage input from a scanning-function decoder. This permits the digital output of the computer 
to be used in controlling the scanning pottern within the sensor. 

In the case of vidicon sensors, the electron chorge-level output of the sensor is translated by the 
intensity-function detector into voltage or current levels suitable for input to the intensity-function 
encoder for A/D conversion. The resultant binary signal is stored and processed by the computer, 
which then prints out, displays, or formats for tope entry any pertinent information about the data 
determined by the software program. 


Figure 25. Copies of EMR data sheets (1 of 4). 



Model 658 A 


ELECTRO-OPTICAL 

Sensor: 

Optics: 

Input Window: 

Input Image Size: 
Recommended Sensor 
Illumination Range: 

Signal Transfer Function: 
Uniformity: 

Elemental Exposure Time: 
Sensor Modulation 
Transfer Function: 



EMR Model 575 Image Dissector. 

Specified or provided by customer. 

7056 Glass flat, .080” ( 2.03mm) thick or fiber optic. 

28 mm x 28 mm or any format less than 43 mm diagonal. 



Five to 50 foot-candles. 

Unit gamma throughout range. 

±20% absolute, will not change faster than 2% /mm. 
Controlled In software. 


20 Ip/mm @ 50% ) 
40 Ip/mm limiting f 


with 19 Micron aperture. 


Maximum Readout Time: 
Photocathode Dark Current: 

ADDRESS & DATA 

Commendable Data 
Points: 

Addressing Accuracy: 
Addressing Time: 

Speed: 

Signal-to-noise Ratio: 


Encoder: 

ENVIRONMENTAL 

Operating Temperatures: 
Operating Humidity: 

Vibration: 

Shock: 

Storage Temperature: 

COMPUTER RELATED 


Controlled in software. 

10® electrons/sec/cm®, nominal at 20‘’C. 

4096 X locations x 4096 Y locations max. 

.03% RMS data point repeatability. Randomly addressable. 

Error at any point in field: 3% of field (referred to optical input). .5% optional. 
Depending upon address, 2 ms for 1% of field, 30 ms for full axis. 

Processing time per element is controlled in software. For small steps, 

50 MS per element is typical. 

Dependent up on num ber of quantum events per exposure time. Given by: 

S/N = 1.22d/ETT 
d = aperture dia. In mils 
E = face plate illumination in foot candles 
At = dwell time, MS 

8 bit ADC standard. 4 ms conversion time. 10 & 12 bit optional, also 4 fis 
conversion time. 


Specifications valid at ambient temperatures from 60-90°F (16-32°C). 

Less than 80% R.H. 

MIL-STD-810B, Method 514, Procedure X "Shipment by Common Carrier” 
(5G) 

MIL-STD-810B, Method 516, Procedure V "Bench Handling” and Procedure 
VI “Rail Impact Test.” 

32-1 3rF (0-55“C). 


Interface: 

Software Provided: 
Peripherals: 


SPURIOUS EMISSION: 


All interfacing is accomplished via the computer. No direct interface with 
the camera is required. Test connectors are provided for real time monitoring 
at the camera head. 

Camera control and camera scanning. 

Computer equipment may be interfaced normally. The camera interface card 
requires one slot. 

FCC Ruling (Part 15) "Unintended Radiation.” 


Figure 25. Copies of EMR data sheets (2 of 4). 
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WEIGHT 20 lbs. 

POWER ±15Vdc@2A 

+5 Vdc @ 1A 
(Power supply optional) 

NOTE 1 — Options: 

Standard: Option 1 Precision deflection assembly, =b.5% geometry. 

Option 2 Sample and hold (for dwell times less than 10/xs). 

Options 10 bit ADC. 

Option 4 12 bit ADC. 

Option 5 Dynamic focus (for apertures less than 2 mil). 

Option 6 Computer selected variable bandwith, 100 kHz, 10 kHz, 1 kHz. 100 Hz. 

Speed: Process times per element as short as 2/*s for small steps can be provided, 

if required. 

Size: For applications where computer size is objectionable, a control box with 

hard wired program can be provided, if required. 


Power Supply: 

Computer: 
NOTE 2: 

NOTE 3: 


A separate power supply Model 635A (635C rackmount) is available, operat- 
ing from 1 15VAC 60Hz, same case size as 668 A ODD. 

Unit can be supplied without computer or with alternate computer if required. 
A special circuit is provided within the camera head to determine when the 
camera address has settled. 

The use of a computer to set the scanning format allows the user an Infinite 
number of variations which is obtainable In no other manner. These varia- 
tions, of course, include direction of scan, size of scanning step, random 
access, and dwell time per element change as well as the ability to perform 
computations from the data as it is generated. This computation may take the 
form of averaging over several cycles in order to obtain accuracy, deconvolv- 
ing, or performing arithmetic functions such as summing, etc. 

Only about 200 words are used in the scanning program. Therefore, many 
words are available for use by the customer In his programs. 


Figure 25. Copies of EMR data sheets (3 of 4). 
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Figure 25. Copies of EMR data sheets (4 of 4) 





IMAGE DIAMETER (MICRORADIANS) 


Figure 26. Geometrical ray trace/ray 
distribution in system focal plane for 
perfect retroreflector. 


uniformity indicated no areas within the 85-cm aperture, which were less than 92 percent of 
the peak value. 


Parameters 

The FFDP of the Lageos is a function of wavelength, state of polarization, and aspect angle 
of the satellite. Therefore measurements were made at several wavelengths (4416 A, 5320 A, 
6328 A, and 10,640 A) and several states of polarization (vertical, 45°, horizontal, and cir- 
cular) to investigate the behavior of the satellite for these various conditions. Due to the 
symmetrical nature of the satellite, only slight changes in its FFDP with aspect angle were 
expected or noted. Therefore, an average FFDP was obtained for each wavelength and state 
of polarization by taking a FFDP at each of the 55 locations shown in the following list: 

Longitude (Degrees) 

0 

0, 60, 120, 180, 240,300 
0,60, 120, 180,240, 300 

0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330 
0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330 
0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330 


Latitude 

(Degrees) 

90 

70 

60 

30 

0 

30 
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Longitude (Degrees) 


Latitude 
(Degrees) 

60 0,60,120,180,240,300 

70 0,60,120,180,240,300 

90 0 

The patterns were then summed and averaged in the PDF 11/40 computer to produce one 
average FFDP. This procedure effectively eliminated any statistical variations in the pattern 
due to coherence effects. 


Scale Calibration 

In order to establish the spatial scale of the FFDP on the final computer output, a special 
mask was constructed to cover the reference flat. This mask consisted of two parallel l^m 
by 10-cm slits spaced at a center-to-center distance of 63.28 mm. This double slit arrangement 
will give a Youngs interference pattern with maxima at 

S = mX/d m = 0 , 1 , 2 ,... (6) 

where d is the center-to-center separation of the slits and X is the wavelength. Therefore at 
a wavelength of 6328 A, the fringe spacing in the final image plane was 10 jur. By removing 
Lageos from the beam, exposures could be made of the flat covered with the mask, and images 
could be displayed on the computer output. The relay lens was then adjusted to give pre- 
cisely the spatial scale required. This method has the advantage that no accurate knowledge 
of the focal lengths of the various optical elements, or the scaling in the ODD/PDP 1 1 /40 is 
required. Scale calibration was set to within one image element (2X2 nt) at full scale, 
which made the spatial scale accurate to ±2 percent. 


Calibration of Cross Section 

Calibration of the FFDP in terms of intensity would be meaningless since it depends upon 
the irradiance at the satellite. Therefore, the FFDP’s were calibrated in terms of Udar cross 
section, which fits directly into the radar-range equation and does not depend upon the 
parameters of the measuring system. The procedure of calibration was to expose the mea- 
suring system to the return from a known cross section. This produced an intensity that 
could be directly related to cross section. Once intensity was calibrated with respect to 
cross section, all intensity values could be converted by ratio to cross section. 

The known target in this case was a 3.81 -cm diameter flat, which was obtained by masking 
the 60-cm flat. For a flat, the peak cross section is 


a 


4jtA^ P 

X^ 


(7) 
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where A is the area of the flat, p is the reflectivity, and X is the wavelength. The reflectivity 
of the flat was measured and found to be 0.924 at 6328 A. 

a = 77.39 X 10® at X = 4416 A 

a = 53.33 X 10® at X = 5320 A 

o = 37.69 X 10® at X = 6328 A 

a = 13.33 X 10® at X = 10640 A 

The above assumes constant reflectivity across the wavelength band. 

Results 

The following subroutines and figures present the results and explain their interpretation. 
Far-Field Diffraction Patterns 

Figure 27 shows a typical FFDP as presented by the PDP 1 1 /40. At the top of the figure, the 
label indicates that this is an average FFDP (obtained by averaging FFDP’s which were rea- 
sonably evenly distributed over the Lageos surface), that it is for a wavelength of 6328 A, 
and that the polarization is vertical. The vertical scale of the FFDP is labeled along the left- 
hand border, and the horizontal scale along the bottom. The matrix of numbers displays 
the effective cross section of the satellite for each position in the far field. Each number gives 
the effective cross section for its location in the far field. The coding of the numbers (denoted 
as Z-axis scaling) is given at the bottom of the graph. In most cases, one unit in the graph cor- 
responds to 2 X 10® m^ , 2 units to 4 X 10® m^ , 3 units to 6 X 10® m^ , etc. Due to the velocity 
aberration, the laser station will always lie in an annulus of 32.77 to 38.44 pr. A circle of 
32 pr and a circle of 38 pr have been approximated by the lines shown on the matrix to approx- 
imate the area of interest. The blank area at the center of the graph is caused by the hole- 
coupling beam spUtter. Because this area is of no practical use, the loss of these data is unim- 
portant. Data beyond 38 pr in either X or Y directions have been cut off. When the cross 
sections were digitized, each value was assigned to the digit that was the next below its value. 
Therefore a 0.5 would show as 0, 1 .3 as 1 , 2.7 as 2, etc. Blank areas are to be interpreted as 
zeros. In cases where the cross section exceeds the range allowed by the coding scheme, an 
asterisk is shown. 

At the bottom of the graph are shown the number of frames averaged and the date on which 
the data were taken are shown as well as a computer reference number. 

Cross Section Versus Azimuth Curves 

During testing, a pronounced polarization effect was noticed. This effect caused the intensities 
in the FFDP to vary with azimuth. Therefore, graphs presenting a running average for the 
values of cross section in the 32- to 38-pr annulus as a function of azimuth angle were made 
for each wavelength and type of polarization. The average was taken over an 18° sector of 
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Figure 27. A typical FFDP presented by the PDF 11/40. 

azimuth centered on the azimuth displayed in the graph. Most of these graphs show a pro- 
nounced variation of cross section with azimuths that lines up with the orientation of the 
polarization vector. Zero degrees corresponds to horizontal, with angles increasing counter- 
clockwise. Figure 28 is an example of this type of curve. 

Cross-Section Histograms 

The probability density and cumulative density of the cross-section values in the 32 to 38 
miororadian annulus are shown in these graphs. Labeling of the axis is obvious. In addition, 
some statistical parameters of the cross section are shown (minimum, maximum, mean, 
median, and standard deviation). Figure 29 is an example of this type of curve. 

Data Presentation 

The results are shown in order of increasing wavelength (figures 30 through 53). For each 
wavelength and state of polarization, a FFDP graph, a cross-section versus azimuth, and a 
cross-section histogram are given in order. These are then followed by the new wavelength/ 
polarization state. For convenience, table 4 presents a cross-reference of wavelength/polari- 
zation versus figure number. 
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Figure 28. Cross section versus azimuth curve. 

SUMMARY OF TEST RESULTS 
Pulse Spreading 

The pulse spreading introduced by Lageos at 0.53 pm has an average value of 125 ps FWHM 
(area weighted over the satellite surface). This result is derived for a system with a response 
of 205 ps and an average width (FWHM) of 240 ps. Results of the RETRO computer anal- 
ysis (Appendix A) show that nearly all of the reflected energy comes from cube comers 
whose effective optical range is between 0.2427 and 0.2594 meter from the Lageos CG. 

This indicates that the maximum pulse spreading to be expected would be 1 1 1 ps, which is 
in close agreement with the 1 25-ps experimental results. 

The results of analysis using the RETRO program show that the pulse spreading caused by 
Lageos is not a function of wavelength; that pulse spreading is not significantly affected by 
satellite orientation; and that exact pulse shapes from Lageos can be predicted for any given 
pulse length using the RETRO program. 

The effects of the Lageos response upon the reflected pulse shape appear only in the trailing 
edge of the pulse and vary considerably with orientation of the spacecraft. For maximum 
accuracy with Lageos, ranging systems should be designed to detect the leading edge of the 
pulse. 
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Figure 29. Cross-section histogram. 

Further, the amount of pulse spreading is not significantly dependent on the location of the 
receiver in the far field. 

Center-of-Gravity (CG) Correction 

The CG correction has an area-tveighted average of 25 1 mm for leading edge half-maximum 
detection with a standard deviation of 1.3 mm (5320 A). The CG correction has an average 
value of 249 mm for peak detection with a standard deviation of 1.7 mm (5320 A). 

Computer analysis has been performed which correlates to measured values to within 2.5 mm. 
(See Appendix B.) Based upon this analysis, CG correction was found not to be a function 
of wavelength. No effects of polarization upon range correction were found during the test. 

The effects of coherent interference upon received waveform have been analyzed by com- 
puter. Results show that the centroid of the pulse has a standard deviation of 1 .15 cm in 
range, and that the probability distribution is skewed toward smaller range corrections. 

(See Appendix B.) 
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Figure 47 










Table 4 

Index to Lidar Cross-Section Test Results 




Figure Number 

Wavelength 

(Angstroms) 

Polarization 

FFDP 

Azimuth 

Curve 

Histogram 

4416 

Vertical 

3-9 

3-10 

3-11 

5320 

Horizontal 

3-12 

3-13 

3-14 


Circular 

3-15 

3-16 

3-17 

6328 

Vertical 

3-18 

3-19 

3-20 


45 Degrees 

3-21 

3-22 

3-23 


Horizontal 

3-24 

3-25 

3-26 


Circular 

3-27 

3-28 

3-29 

10,640 

Vertical 

3-30 

3-31 

3-32 


Cross Section 

Maximum lidar cross section occurs at 5320 A, with lower values at longer and shorter wave- 
lengths. The area-wei^ted average cross section in the 34- to 38^nr annulus is listed as follows 

Wavelength (A) Cross Section (m^ X 10®) 

4416 4.27 

5320 7.12 

6328 5.31 

10,640 5.69 

The far-field diffraction patterns (FFDP) show strong polarization-induced variations with 
azimuth. Testing and computer analysis proved that this effect was caused by the use of total 
internal reflection type cube corners. The variation in azimuth is approximately ±3 dB around 
the average for all wavelengths. The FFDP patterns measured during the tests and computer 
analysis indicate that the peak cross sections lie inside the 34- to 38-jLtr operational annulus 
at a radius of approximately 20 jur. (See graphs in the section “Lidar Cross-Section Tests” 
for details.) 
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APPENDIX A 


ANALYSIS OF LAGEOS USING RETRO PROGRAM 


An analysis of the Lageos array performance was done using the RETRO program, which 
was developed at GSFC for the analysis of cube corner arrays. The results of this analysis 
foUow. 

In the analysis procedure, cube comers that are beyond the angle at which total internal 
reflection occurs were assumed to have zero cross section. In actual test, it was found that 
due to Fresnel reflection these cube corners actually contributed to the cross section. For 
convenience, the analysis was done looking at the satellite from the south pole. This makes 
the cube corners lie in rings of equal incidence angle symmetrical about the pole, and facilities 
understanding how the array works. The analysis can be (and was) done at other angles, but 
these add no new information. On Unit 6, page 17,* the pole cube (No. 1) and six cube cor- 
ners in a ring inclined at 10.1° contribute nearly all of the cross section (Nos. 2-7). The re- 
mainder of the cube corners are not effective. Since the optical positions of these six cube 
corners lie 255 mm from the CG, the CG correction is expected to be close to this value. An 
exact solution of the convolution of a 60-ps (FWHM) pulse is performed on Unit 1 1, page 2,* 
and confirms that the peak of the pulse indeed lies at 252.5 ± 2.5 mm, which is quite close 
to this row of six corners. The measured CG correction in this orientation was 250 mm, 
which is slightly less due to the contribution of cube corners operating in the Fresnel mode 
which are not included in the analysis. 

On Unit 1 1 , page 1 ,* a FFDP for the array is computed and displayed in the same format as 
used in the section, “Lidar Cross-Section Tests.” A comparison of the calculated FFDP with 
the measured values shows a very close agreement. The peak cross section lies at the center, 
followed by a rapid drop, and then a secondary toroid surrounds the central maximum at a 
radius of approximately 20 to 25 ixr. Cross section then rapidly falls off. A strong azimuthal 
asymmetry can be seen in both FFDP’s caused by the use of total internal reflection type 
cube corners. 

The cross section at the receiver position is indicated as 0.5^ times the peak cross section, or 
approximately 1 3 million square meters, while. the minimum value at the same radius is 0.2 
times the peak cross section, or approximately 5.2 million square meters. The average value 
in the 34- to 38-jur annulus is approximately 70 percent higher than the measured value of 
5.31 million square meters. 


♦Refers to the computer printout from the RETRO program (see pages A-3 through A-27). 

^AU values in the cross-section matrix are normalized to the peak value and have an implied decimal point in front of them. 
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The pulse shape (Unit 1 1 , page 2 )* shows a slight skewing towards the spacecraft CG, but 
the pulse width is only slightly larger than would be predicted from a point reflector. 

Unit 1 1 , page 3,* shows the effect of coherence upon the position of the centroids of indivi- 
dual pulses. As expected, the mode occurs at the peak of the predicted incoherent pulse, 
but the histogram is strongly skewed causing the average CG correction to be approximately 
8 mm less than predicted by incoherent methods. 

In summary, the calculations show very good correlation with measurement. Because of 
space limitations, only one sample of the many calculations made has been shown. However, 
on the basis of the results, it is believed that accurate prediction of Lageos performance can 
be made for system parameters not covered in the test program. 


^Refers to the computer printout from the RETRO program (see pages A-3 through A-27). 
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150 * 421 

0.0 

0.0 

0 . 0 

- OiO 

0.0 

-OsiT'- 

- 0.2366 

« 0*2366 

0.0 

— 0^0 

4 00 

ISC. Hi 

0.0 

0*0 

0.0 

- 0.2366 

0.0 
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A-16 


CUBE 

CORNER 

INCI CENCE 
ANGLE 

lUCGHECS) 

EFFECTIVE 
* - - AREA^ -- -- 

2 

(METERS ) 

CUBE CORNER CROSS 

'gain 

SECTION^ 

CROSS 

SECTION 

2 6 

(METERS X 10 } 

DELTA R 

(METERS) 

OPTICAL 
-OEITA R 

(METERSI 

AOl 


‘ lSCi42T“ 

-OVXJ 

(TSTT 

0.0 

— 0 i 2366 

0^0 

4 02 


I5C* 42 1 

0.0 

0.0 

0.0 

-0.2366 

0.0 

4 03 


150. 42 1 

, - - 0.0 

. -Q.Q . _ 

0*0 

-0.2366 

O.^Q, 

4 04 


ISC. 4^1 

0.0 

C.O 

0.0 

-0.2366 

0.0 

4 05 


ISO. 42 1 

0.0 

0.0 

0*0 

-0.2366 

0.0 

4 06 


ISO. 4£ 1 

- 0.0 

0.0 - 

0.0 

-0.2366 

> 0.0 

4 07 


IbC . <2 1 

0.0 

C.O 

0.0 

-0.2366 

0.0 

408 


IfiC. IE 1 

0.0 

0.0 

0.0 

-0.2559 

0.0 

’ 40^ 


T5G. IE 1 

't> i rr 

0^0 

0 i 0 - - - 

^ -0i2559 

*0 .0 

410 


160. IE 1 

0.0 

0*0 

O.Q 

-0.2559 

0.0 

4 1 1 


16C. IE 1 

0.0 

0.0 

0.0 

-0.2559 

0.0 

412 


I6C. lE 1 

0.0 

0.0 

0. 0 

-0.2559 

0.0 

41 J 


160. IE t 

0.0 

0.0 

o.n 

-0.2559 

0.0 

414 


I6C. IE 1 

0.0 

0.0 

0.0 

-0.2559 

0.0 

415 


IbO. IE 1 

0.0 

0.0 

0.0 

-0.2559 

0.0 

416 
- 4t7 


16C. IE 1 
- 16Ci IE 1 

0.0 

0.0 

0.0 

-0.2559 

0.0 


OiO 

' -0; 0 "■ 

_ OiO ■ 

"~»=0i2959 

0 iO 

4IH 


I6C. IE 1 

0.0 

0.0 

0.0 

-0.2559 

0.0 

419 


16C. lEl 

0.0 

0.0 

0*0 

-0.2559 

0.0 

4 20 


16^. 66 1 

0.0 

o.b 

0.0 

-0.2678 

0.0 

421 


10^. 66 1 

0*0 

0.0 

0.0 

-0.2670 

0.0 

4 22 


16<;.66 1 

0.0 

0.0 

0.0 

-0.2678 

0.0 

4 23 


los.aei 

0.0 

0.0 

0.0 

-0.2678 

0.0 

4 24 

4 25 


16^. 66 1 
I6C. 361 

0.0 

' "OiO “ 

0.0 

C.O • 

0.0 

0.0 

-0.2678 
-"0i26T8 

0.0 

— o^a 

426 

THE SUM 

OF 

18C. CCC 
THE AHEA= • 

0.0 

H9097D-02 

0.0 

0.0 

-0.2721 

0.0 

THE SUM 

OF 

THE CROSS SHCTJONS- 

13*4916 SQUARE METERS 

( IN MILLIONS ) 
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CUBB 

CARTES 

IAN COimDl NATES 

CCITNER 

X 

T ■ 

~ Z 

1 

0.0 

0.0 

0.2721 

P 

0.04 70 

0.0 

0.2678 

1 

C.0239 

0.0414 

0.2678 

4 

-0.02 39 

0.0414 

0.2678 

‘3 

- 0 • 04 78 

0.0000 

0.2678 

6 

-0.02 3 1 

-0.0414 

0.2678 

7 

0.0239 

-0.04 14 

0.2676 

fS • 

0.0924 

0.0 

0i250^ 

<3 

0. ohco 

0.04b2 

0.2559 

10 

0.04C2 

0.0800 

0.2559 

1 1 

- li.OOCO 

0.0')24 

0.2559 

12 

-U.04C2 

0.0800 

0.2559 

13 

-o.onoo 

0.04b2 

0.2559 

14 

-0.C924 

0.0000 

0.2559 

lb 

-0.0000 

-0.04b2 

0.2559 

IG 

-0.04t2 

-^0.0800 

0.2559 - 

1 7 

0.00 00 

-0.0924 

0.2559 

1-i 

0.04C2 

-0.0800 

0.2559 

10 

o.onoo 

-0.0462 

0.2559 

20 

0. I 143 

0.0 

0.236b 

21 

0. I2C2 

0.0459 

0.2360 

22 

0.1029 

0.08bJ 

0.23l>6 

23 

O.ObTl 

•0.1 163 

0.23bfc 

24 

0.0223 

- 0^1323 

(Tir3r*C- 

2f> 

-0.0233 

0. 1323 

0.23b6 

2b 

-0.0671 

0. t 163 

0.236b 

27 

-0.1029 

0.0 8b3 

0.23b6 

2M 

-0. 12C2 

0.0459 

0 .23bb 

2'» 

-0. 1 143 

0.1)000 

0.2306 

30 

-C.12C2 

-0.0459 

0.23bb 

71 

- 0. 1029 

-0. )«bJ 

0.2366 

*32 

-=Ci067| - -- 

— “^Oi 116^ 

0 . 

33 

-0.0233 

-0. 1323 

0.2366 

34 

C.0233 

-0.1323 

0.23b6 

bT 

0 • Ob 7 1 

-0. 1 163 

0.2366 

3o 

0.1029 

-0.0863 

0.2366 

3 7 

C. 12(2 

-0.0459 

0.2366 


0. 1724 

0.0 

0.2105 

39 

C. IbbO 

0.0465 

0.2105 

40 

0.1473 

0;0896 

cvzro^- 

A 1 

0 . 1 1 7b 

0. 1260 

0.2105 

42 

0. C7^3* 

0.1530 

0.2105 

A i 

C . 03 !; 1 

0. 1608 

C.2105 

4A 

-O.OI 18 

0.1720 

C.2105 

41* 

- 0 . 06 7 7 

0. 1624 

C.2105 

46 

-0.09S4 

0.1408 

0*2105 

4 7 

-0. I 337 

«• 1 000 

0.2105 

4U 

-C.I561 

oiooor 

0.-2^-0 5-- 

49 

-0. 1 7C8 

0.0235 

0.2105 

50 

-0. 1 7(fl 

-0.0235 

0.2105 
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CURF CCBNER. CUnamiiAJ.ES 

OISTAKCES-METERS ANGLES-DCGRFtf 5 

CAPTESIAN COOnotNATES SPHERICAL COORDINATES ORIENTATION ANGLES 


CUBE 

CCPNEP 

X 

T 

z — 

R 

THETA 
- C 

PHI 

K. ~ 

THETA 

N 

PHI 

M 

GAMMA 

C 1 

-C. 1561 

-0.0687 

0.2105 

0.2 7? 1 

39.309 

203.479 

39.309 

203.479 

51.000 

52 

-0.1337 

- 0 . loan 

C.2105 

0.272 1 

39.309 

219.131 

39. 309 

219.131 

2S.00G 

53 

-0.0994 

-0.1400 

0.2105 

0.272 1 

39.309 

234.783 

39.309 

234.783 

il9.000 

54 

-0. 05 77 

-0* lo24 

C.2105 

0.272 1 

39. 309 

250.435 

39. 309 

250.435 

93.000 

55 

-o.oi to 

-0.1720 

C.2105 

0.272 1 

39.309 

266. C07 

39. 309 

266.067 

67.00C 

5f> 

C.OSEl 

-0.1603 

C.2105 

0.272 1 

39.309 

281.739 

39.309 

201.739 

41.000 

57 

0.0793 

-0.1530 

0.2105 

0.272 1 

39. 309 

297.392 

39. 309 

297.392 

IS.OOC 

50 

0 . 1 1 76 

- =^0.1260 

Ci2ro5 -■ 

- 0W2721 

39.309 

313.044 " - 

- 39.309 “ 

-313*044 

"io9iooa 

5# 

C . 1 4 7 3 

-0.0896 

0.2105 

0.27? 1 

39.309 

32B.696 

39. 309 

328.696 

03.000 

60 

0. 16C0 

-0.0465 

0.2105 

0.272 1 

39.309 

344 • 348 

39. 309 

344.340 

57.000 

61 

0.2055 

0.0 

0.1784 

0.2721 

49.039 

0.0 

49.039 

0.0 

1 1 .000 

62 

0. 1999 

0 • 0 4 74 

0.1784 

0.2721 

49.039 

13.333 

49. 039 

13.333 

105.000 

6.3 

0.1036 

0.0922 

0.1784 

0.2721 

49.039 

26.667 

49. 039 

26.667 

79.000 

64 

C. 1574 

0.1321 

0.1783 

0.2721 

49.039 

40.000 

4 9.039 

40.000 

53.000 

65 

0.1227 

0. 1 64B 

0.1784 

0.272 1 

49. 039 

53.333 

49.039 

53.333 

27.000 

66 

0.08 14 ~ 

Oi 1887 --- - 

0*1784 

05^721 

49S039-- 

— 06*600 

- 49* 039 

66.606 

— lioao- 

t>r 

C.0J57 

0.2023 

0.1703 

0.2 721 

49.039 

80.000 

49.039 

80.000 

95.000 

6d 

-0.01 19 

0.2051 

0.1703 

0.2721 

49. 039 

93.333 

4 9. 0 39 

93.333 

69.000 


-0.0569 

0 « 1 960 

0.1704 

0.2721 

49.039 

10 6. 06 6 

49. 039 

106.666 

43.000 

70 

-0. 1027 

0.1779 

0 .1703 

0.2721 

49.039 

1 20.000 

49.039 

120.000 

1 7.00G 

71 

-C. 14 10 

0.1494 

0.1783 - 

0.2721 

49.039 

133.333 

4 9. 039 

133.333 

11 1.000 

72 

-0.17 16 

0.1129 

0.1783 

0.2721 

49-039 

146.660 

49.039 

146.666 

85.000 

71 

74 

-0. 19 31 
-0.20 41 

0.0703 

' 0itJ23Tr- ■ 

0.1703 

0.272 1 

49.039 

160.000 

49. 039 

160.000 

59.0CC 

0 • 1 7 B 3 

0 iT272T 

49*039“ 

1 7 3 * 333 

49* 039 ■ 

t 73'*333 

33 SOO C 

75 

-0.2041 

-0.023B 

0. 1 703 

0.2721 

49.039 

186.666 

4 9.0 39 

186.666 

7.000 

76 

-0.1931 

-0.0703 

0.1783 

0.2721 

49.039 

200.000 

49. 039 

200.000 

101.000 

If 

-0.1717 

-0.1 129 

0.1704 

' 0.2 72 1 

49.039 

213.333 

49.039 

213.333 “ ■ 

75.00C ' 

7H 

-0. 14 10 

-0.1494 

0.1784 

0.272 1 

49.039 

226 • 600 

49.039 

226.666 

49.000 

76 

-0.1027 

-0.1 779 

0.1 783 

0.2721 

49.039 

239.999 

49. 039 

239.999 

23.000 

00 

“0.0569 

-0.1960 

0.1784 

0.2721 

49.039 

253.333 

49.039 

253.333 

117.000 

51 

-0.01 19 

-0.2051 

0.1704 

0.2721 

49.039 

266.660 

4 9. 039 

266.666 

91.000 

■f 2 

0.0 3 S7 

— *-0'.'202^3 

0 ; 1 78 J 



49*039 — 

270-s9’r7 

4 9.'t)39 

-2 79*999 

— OtStOOC- 

83 

0.0314 

-0. 1637 

0.1784 

0.2721 

49. 039 

203.333 

4 9.0 39 

293.333 

39.000 

0^ 

0.1227 

-0.1640 

0.1784 

0.272 1 

49.039 

306. 660 

4 9.0 39 

306.666 

13.000 

05 

0.1574 

-0. 1321 

0.17H3 

0.2721 

49.039 

319.999 

49.039 

319.999 

iCT.OOQ 

«f> 

0.1536 

-0.0922 

0. 1704 

0.2721 

49. 039 

333. 3J3 

49.039 

333.333 . 

81.000 

87 

C. 1799 

-0.0474 

0.1784 

0.2721 - 

49.039 

346.666 

49. 039 

346.666- 

- 55.000 

eo 

0.3326 

0.0 

0.14 11 

0.2721 

56.769 

0. 0 

58.769 

0.0 

97.000 

86 

C.22 79 

0.0468 

0.1411 

0.2721 

58.769 

11.613 

Se. 769 

11.613 

71.000 

SO 

0.2138 

0^0917 

0sl4t 1 

-a.trT2t 

-38*769 

- 23i2?t» 

58*769 

- 23*226 

'-45*000 

61 

C. I9C9 

0. 1329 

0.1411 

0.2721 

58.769 

34.830 

58.769 

34.839 

19.000 

92 

C. |6C 3 

0. I60tw 

0.1411 

0.2721 

58. 769 

46.451 

58.769 

46.451 

1 1 3.000 

9 3 

0.1231 

0. 1974 

0.1411 

0.27.21 

50.769 

58.065 

68.769 

58.065 “ 

87.000 

94 

0.0508 

0.3102 

0.1411 

0.2721 

58.769 

69.677 

58. 769 

69.677 

61.000 

95 

0.0362 

0*2300 

0.141 I 

0.2721 

58.769 

01 .290 

58.769 

81.290 

• 35.000 

96 

-0.01 18 

0.2 123 

0.1411 

0.2721 

58.769 

92.903 

58.769 

92.903 

9.000 

97 

-0.0563 

0.2252 

0.141 1 

0.2721 

50.769 

104.516 

58. 769 

104.516 

103.000 

98 

-0S1O25 

0*2089 

0« 141 t - 

--0*2721 

58*769 

1I6.-L29 

- 58f769 

1161129 ^ 

— 77*000 

96 

-0.1424 

0. 1840 

0.1411 

0.2721 

58.769 

127.742 

5 8.769 

127.742 

51.000 

too 

-0. 1 7C5 

0.1515 

0.1411 

0.2721 

58. 769 

139.355 

58.769 

139.355 

25.000 


UNIT 6 PAGE 5 



A-19 


CUBE CORNER COURDINATES* 
DliTANCES-METERS ANGLES-DFGRFE S 


CARTESIAN COORDINATES SPHERICAL COORDINATES ORIENTATION ANGLES 


CUBE 




H 

ThCTA 

PHI 

THETA 

PHI 

GAMMA 

CORNER 

K 

- T 

2 

C ' 

C 

c - - 

N ** 

- N- 

— 

101 

-0.2034 

0.1129 

0.1411 

0.2721 

58.769 

150*968 

5E.769 

150.960 

119.000 

102 

-0.2220 

0.0696 

0.1411 

0.2721 

50.769 

162.581 

58. 769 

162.581 

93.000 

i03 

-0.23 14 

0.0235 

0.1411 

0.2721 

58.769 

174. 193 

50.769 

174.193 

67.000 

lOA 

-0.23 14 

-0.0235 

0.141 1 

0.2721 

58.769 

185.806 

50.769 

105.806 

41.000 

1 05 

-0.2220 

-0.0696 

0. 141 1 

0.2721 

58. 769 

197.41 9 

50.769 

197.419 

1 f .000 

106 

-0.2034 

-0*1120 

0.1411 

0.2721 

58.769 

209.032 

58. 769 

209*032 

1C9.000 

i 07 

-0.1765 

- 0 . 1 S 16 

0. 141 1 

0.2721 

58.769 

220.645 

50. 769 

220.645 

83.000 

lOR 

-0.1424 

- -0.1840 

0.141 1 

-D.?72l 

5E57f 9 

232.258 

58. 769 - * 

- 232i250 — 

57i00ir 

109 

-Q. 1025 

-C.2089 

0.14 1 1 

0.2721 

58. 769 

243.071 

50. 769 

243.071 

31.000 

1 lU 

-0.0563 

-0.2252 

0.1411 

0.2721 

58. 769 

255.484 

50.769 

255.484 

S.OOC 

1 1 1 

-0.01 18 

-0.2323 

0.141 t 

0.2721 

58. 769 

267.097 

50. 769 

267.097 

99.000 

112 

0.0352 

-0*2300 

0.1411 

0*2721 

56.769 

278.710 

58. 769 

270.710 

73.000 

I 13 

C.Q308 

-0.2182 

0.1411 

0.2721 • 

58. 7<^9 

290.322 

58. 769 

290.322 

- 47.00C 

1 14 

C. 1231 

-0. IS74 

0.1411 

0.2721 

58.769 

30 1 .936 

50. 769 

301.936 

21.000 

1 IS 

C.160J 

-0. 1686 

0.141 1 

0.2721 

56.769 

313.548 

58.769 

3 13.546 

t 1 5.000 

116 ■ 

- 0.19C9 

• =0.1 329 

0.141 1' 

^T).^72r 

58.769 

325* 161 

3 0i 7 69 

323. 1*0 t 

89.000 ' 

1 1 7 

€.21 38 

-0.0917 

0.1411 

0.2721 

58.769 

336.774 

58.769 

336.774 

63.000 

1 13 

0.22 79 

-0.0468 

0.1411 

0.2721 

58. 769 

34 8. .18 7 

50. 769 

348.307 

37.000 

119 

C.24S2 

0.0253 

0.1062 

0.2721 

67.016 

5.806 

67.018 

5.606 

63.000 

120 

0.23^0 

O.C 750 

0.1062 

0.2721 

67.018 

1 7.420 

67. 0 18 

17.420 

37.00C 

121 

C.2I90 

0.1216 

0.1062 

- 0,2721 - - 

67.018 

29.032 

67.018 

29.032 - 

1 1.000 

122 

C. I9C0 

0. 16)2 

0.1062 

0.2721 

67*018 

40.645 

67. 018 

40.645 

1 05.000 

123 

0.1531 

0.1 981 

0.1062 

0.2721 

67.018 

52.258 

67.018 

52.258 

79.000 

124 

C.1I03 

- • 0i2247 

D1T1002 

"0i272t- 

* ■*67i018 

0 3 i 0 71 

67. 0 1 8 

63 * 8 7 1 

S3. GOO 

I2S 

C.0626 

0.2425 

0.1062 

0.2721 

67.018 

75.434 

67.010 

75.484 

27.000 

126 

0.0127 

C.2502 

0.1062 

0.2721 

67. 01 0 

87.097 

67. 018 

87.097 

1 .000 

127 

-C.0J79 

0.2476 

0.1062 

6.2'72i 

6 7.018 

98.710 

67.018 

98.710 

9S.OdO 

123 

-C.0H70 

0.2349 

0.1062 

0.2721 

67*016 

110.322 

67.016 

110.322 

69.000 

129 

-0.1 125 

0.2126 

0.1062 

0.2721 

67.01 8 

121.936 

67.018 

- 121.936 

43.000 

1 30 

-C.1726 

0.1H15 

0 . 1 Oo 2 

0.272 1 

67.018 

1 13.548 

67.018 

133.540 

17.00C 

131 

-0.2056 

0.1431 

0.1062 

0*2721 

67.016 

1 45. 161 

67.010 

145.161 

1 1 1 *000 

r32- — 

*'C.23‘C?r“ 

■' ’0 • • 

0 • 1062 

0*272 1 

6 T .018 

1 36 * 7 7 4 

““CrTrO 1 8 

T38 . TT'A” 

85'. 000 

133 

-C.24E3 

0.0504 

0. 1062 

0.2721 

67*010 

168. 307 

67.018 

168.387 

59.000 

1 34 

-C.2SC5 

0.0000 

0.1062 

0.2721 

67.010 

180.000 

67.018 

180.000 

33.000 

1 35 

-C.24E3 

-0.0504 

0.1062 

0.272i 

67.018 

191*613 

67.010 

191.613 

7.000 

1 36 

-C.2J02 

-0.0 ‘188 

0. 1062 

0.2721 

67,0 1 8 

203.226 

67.018 

203.226 

101.000 

137 

- -0.2056 

-0.1431 - 

-- 0.1002 

0.2721 - - 

—67.018 

214.039 

67. 018 

214.839 . - 

- 75.00C 

1 3H 

-0. 1 726 

-0.1B15 

0. 1062 

0.2721 

67.018 

226.452 

67.018 

226.402 

49.000 

139 

-0.1325 

-0.2126 

0. 1062 

0.2721 

67.018 

238.065 

67. 018 

238.065 

23.000 

140 ‘ * 


sq;'2349 

O’. tt)D2 

"0.2T21 

6 7tO 1 5 

24<^^ 677 

'6 7% 0 18 

2 49.67 7 

1 1 riuGU 

14 1 

-0.0379 

-0.2476 

0.1062 

0.2721 

67.010 

261.291 

67.018 

261.291 

91.000 

142 

0.01 <7 

-0.2502. 

0.1062 

0.272 1 

67.0 1 6 

272.903 

67* 018 

272.903 

65.000 

14 3 

0.06 28 

-0.2425 

0.1062 

6.2 72 1 

67.018 

284.516 

67.018 

284.516 

39.000 

1 44 

0.1103 

-0.2249 

0.1062 

0.2721 

67.018 

296. 129 

67.010 

296.129 

13.000 

1 45 

0. IS33 

-C.19U1 

0*1062 

0.2721 

67.018 

307.742 

6 7.018 

307.742 

1 C7.000 

146 

0. 19C0 

-0.1632 

0. 1062 

0.272 1 

67.01 e 

319.355 

67. 0 18 

319.355 

81.000 

147 

C. 21 90 

-0.1216 

0.1062 

U.2721 

67.018 

330.968 

6 7.018 

330.968 

55.000 

1 4H 

0.2190 

-(r«0 750 - - 


0J2T21 

-67«015 

-- 342»381 

67.010 

342.981 

29i00C 

1 40 

0.24 S2 

-0.0253 

0.1062 

0.2721 

67.018 

354.193 

67.018 

354.193 

3 .000 

ISO 

C.2648 

0.0 

0.0024 

0.2721 

76.748 

0.0 

76. 748 

0.0 

55.000 


UNIT 6 PAGE 6 


A-20 


CURE CCMNf.R-CaOPtUJiAT£S 

Ol-Sf ANCES-METFPS ANGLES-Dt.GRELS 


CARTESIAN COtIRRINATES 5PHCRICAL COURDINATES ORIENTATION ANGLES 


CUOE 




n 

THLT A 

PHI 

THE TA 

PHI 

GAMMA 

CCRNCn 

X 

Y 

z - 

c - - ■ 

c - 

c 

N- - 

N 

— - 

151 

0, ?557 

0.0 ‘5 17 

0.0624 

0.2721 

76.74H 

1 1.250 

76. 748 

1 1 .250 

29.000 


0.2AA7 

0.1013 

0.0624 

0.2721 

76.74 0 

22.500 

7b. 740 

22.500 

3.000 

15 1 

C. 

0.1471 

0.0624 

0.2721 

76. 748 

J1.750 

76. 748 

33.7SO 

S7.000 

ISA 

0 • 1 0 7 3 

0.1373 

0.0624 

0.2721 

76.748 

45.000 

76. 748 

45.000 

71 .OOC 

ISO 

0.1471 

C.220? 

0.0624 

0.2721 

76.748 

56.250 

76. 740 

56.250 

45.00C 

156 

0 • 1 9 1 J 

0.2447 

0.0624 

C.272I 

76.740 

67.500 

76. 740 

67.500 

19.000 

157 

C • 0 i 1 7 

0.2397 

0.002 4 

0.2721 

76.748 

78.750 

76.748 

78.750 

t 13.000 

1 55 

— 0 • 00 C 0 

"0 5 2 549 

0 ' 

0i2721 

76. 748 

90i000 - 

76 » 7 4 0 

90.000 

875000 

159 

- 0.05 17 

C.2597 

0.0624 

0.2721 

76.748 

101.250 

76. 740 

101.250 

6 1 .OOC 

160 

-0.10 13 

0.2447 

0.0624 

0.2721 

76.740 

1 12.500 

76. 748 

1 12.500 

35.000 

161 

-0. lA 71 

C.2202 

0 • 062 4 

0.2721 

76. 74 8 

1 2 3. 750 

76. 748 

1 23.7S0 

9.000 

16.? 

-C. 1 J73 

0. 1873 

0.0624 

0.2721 

76.748 

135.000 

76. 740 

1 35.000 

1 03.000 

16 1 

-C.22C2 

0.1471 

0.0624 

0.2721 

76.748 

1 46.250 

76. 748 

146.250 

77.00G 

16A 

-0.2447 

0.1013 

0.0624 

0.2721 

76.740 

157.500 

76. 748 

157.500 

51.000 

165 

-C.75S7 

0.0517 

0 . 06 2 4 

0.2721 

70.748 

163.750 

76. 748 

160.750 

25.000 

1 G*5 

- -C.?6A3 - 

0.0000 

0.-0624 

-0.-2721 

76i748 

“lOOiOOtr 

76i 748 

180.000 

' -1 19i000- 

167 

-C.25C7 

-0.0517 

0.0624 

0.2721 

70.740 

191.250 

76. 740 

191.250 

93.000 

160 

-C.24 A7 

-0. 101 3 

0.0624 

0.2721 

76. 743 

202.500 

76. 740 

202.500 

67.00C 

169 

-C.22C2 

-0.1471 

0.0624 

0.272 i 

76. 748 

213.750 

76. 748 

213.750 

4 1 .000 

1 70 

-C. 1073 

-0. 1<I73 

0.0624 

0.2721 

76.740 

225.000 

76.748 

225.000 

15.000 

171 

-C. 14 71 

-0.2202 

0.0624 

0.2721 

76.740 

236.250 

76. 748 

236.250 

109.000 

1 7? 

- 0. 1 0 13 

-0.2447 

0.0624 

0.2721 

76.740 

24 7.50 0 

76. 748 

247.500 

83.000 

1 7J 

-0.03 17 

-0.2597 

0.0624 

0.2721 

76.748 

258.750 

76. 748 

230.750 

57. OOC 

1 7 A 

0.0000 

—0 .2648 

0 • 062 4 

0.272 r 

76.948 

270i000~~ 

76. 748 

-2 70i000* 

” -31.000 

175 

0.0517 

-C.2397 

0.0624 

0.2721 

76.740 

281.250 

76. 748 

261.250 

S.OOO 

176 

0.1013 

-0.2447 

0.0624 

, 0.2721 „ 

76. 74 0 

292.500 

76. 748 

292.500 

99.00C 

1 77 

C. 1471 

-0.2 20*2 

0.0624 

0.2721 

76.748 

303.750 

76. 748 

303.750 

73.000 

1 70 

0. 19 7 3 

-0. IJ7J 

0 . Oo 2 4 

0.2721 

76.748 

315 .000 

76. 740 

315.000 

4 7.000 

1 79 

0.22C2 

-0. 1471 

0.0624 

0.272 1 

76. 740 

326.250 

76. 748 

326.250 

21.000 

IHO 

C.2A A7 

-0.1013 

0.0624 

0.2721 

76.748 

337.500 

76. 748 

337.500 

1 I5.00C 

nn 

0 . 25 S 7 

-0.0517 

0.0624 

0.2721 

76. 740 

348.750 

76. 748 

348.750 

69.000 

10? ■ 

0.20? 9 “ 

■Ov9260 

0.0231 

"TTi 2721 

O' 3^1 33 

5 •'6'2t3 

8 Si 133 

"3 i 02 3 

4 7.00 C- 

163 

C. ?5C4 

0.0787 

0*023 1 

0.2721 

£5.135 

16.675 

85. 1 35 

16.075 

2I.00C 

104 

0.2J91 

0.1278 

0.023 1 

0.272 1 

65.135 

28. 125 

85. 1 35 

28.125 

1 IS. OOC 

Ifi‘J 

0.20 <56 

0. 1 720 

0.0231 

0.2 721 

£5. 1 35 

39.375 

8 5. 1 35 

39.375 

89.000 

166 

0.1720 

0.209b 

0.0231 

0.2721 

£5. 135 

50.625 

as. 135 

50.625 

63.000 

10 7 

0. 1270 

0.2391 

0.0231 

0.2 721 - - 

6E.135 

61.075 

85.135 

61.875 - 

37.000 

100 

0.07t 7 

0.25*74 

0.0231 

0.2721 

£5.135 

73.125 

05. 135 

73.125 

1 1 .000 

109 

0.02 66 

0.2693 

0.023 1 

0.2721 

65. 135 

84.375 

85. 1 35 

84.375 

105.000 

190 

-0.12CG 

0 4 2695^ 

tri0231 

--0^2"T2t 

C3i 133 

- 95i€25 

85* 1 35 

95i025 

~79i000 

191 

-0.07fc7 

0.2594 

0.023 1 

0.2721 

€5.135 

106.075 

8 5. 135 

106.875 

53.00G 

19? 

-0.1271 

0.2391 

0.0231 

0.272! 

65.135 

118.125 

85. 135 

118.125 

27.000 

19 1 

-C.I720 

0.2096 

0.0231 

0.2721 

65.135 

129.375 

as. 135 

129.375 

l.OOO 

19A 

-0.20 SO 

0.1 720 

0.023 1 

0.2721 

65. 135 

1 40.625 

as. 1 35 

140.625 

95.000 

193 

-0.2 191 

0.1273 

0.0231 

0.2721 

£5. 1 35 

151 .075 

as* 1 35 

151.675 

69.000 

196 

-0..23SA 

0.0787 

0*0231 

0.2721 

£5.135 

163.125 

85. 135 

163. 125 

43.00C 

197 

-0.26S3 

0.0266 

0.0231 

0.272 1 

£5. 135 

174.375 

B5. 135 

1 74.375 

17.000 

195 ' 

^C.?OSfl 

“ *-0i0266 

05023 1 

-“^12721 

65il35 

185*625- 

85* 1 33 

105C62S 

' -1 1 I *000 

197 

-0.2394 

-0.0787 

0.02^1 

0.2721 

es. 135 

196.875 

85. 1 35 

196.875 

85.00C 

200 

-0.2391 

-0.1273 

0.0231 

0.2721 

65.135 

208. 125 

05. 1 35 

208.125 

59.000 
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CUUE COPNhR COOROINATFS 






Dl StAKCES-MCTERS 

ANGLFS-DF.GREF S 





CAklESIAN COORDINATES 


SPHERICAL COllHOlNATES 


OPIENTATION 

ANGLES 

curjE 




R 

THETA 

PHI 

TH6TA 

PHt 

GAMMA 

ccwN'zn 

X 

Y 

7 

C 

C 

C 

N 

N 


1 

-0 

-0.1 720 

0.023 1 

0.2721 

65.135 

219.375 

85. 135 

219.375 

33.000 

20rl 

-0.1720 

-0.2005 

0.0231 

0.2 721 

65.135 

230.625 

8 5. 1 35 

230.625 

7.000 

20 3 

-C. 1.? 7H 

-C.2 501 

0.0231 

0.2721 

65.135 

241.075 

85. 1 35 

241.875 

tOl.OOC 

20A 

-0.076 7 

-0. *634 

0.0231 

0.2721 

65.135 

253.125 

85. 135 

253.125 

75.00C 

20‘> 

-0.0266 

-0.269H 

0.02 31 

0.2721 

65.135 

264. 375 

as. 1 35 

264.375 

49.000 

20a 

0.0266 

-0.2600 

0.02 31 

0.2721 

35.135 

275.625 

85. 135 

275.625 

23.00C 

20 ^ 

C . 0 7 e 7 

-0.2604 

0.023 1 

0.2 72 1 

65.135 

280.8 7 5 

65. 135 

286.875 

1 17.000 

20 3 

0 . 1 2 7 ‘J 

-o.a.iot 

0.0231 ' — 

0.2721 

— 6Sit35 

298.125 

85.135 

298.125 

91 iOOO 

20'f 

0.1720 

-0.2006 

0.02JI 

0.2721 

65.135 

309.375 

85. 135 

309.375 

65.000 

2 10 

c.200r> 

-0.1 72J 

0.0211 

0.27*1 

65.135 

320.625 

85. 135 

320.625 

39*000 

2 i 1 

0. 1 

-0.1278 

0.0231 

0.2721 

G5. 1 35 

331.875 

85. t 35 

331.875 

1 3.000 

212 

C. 3604 

-0.0787 

0.0231 

0.272 1 

65.135 

34 3. 125 

85. 135 

343.125 

1 C7.000 

21 1 


-0.026U 

0 • 0;>J 1 

0.2721 

65.135 

J54.375 

85. 135 

354.375 

61.000 

2 1 ^ 

^ O.’ii^rl 

0. J26o 

-0.0231 

0.2721 

9 4.6 6'3 

5.625 

94.805 

5.625 

94.000 

2 1 i 

c. ?o<;4 

U.07B7 

-0.023 1 

0.2721 

94.865 

16.675 

94. 805 

16*875 

68.000 

2 16 

0. »J<|| 

0. 1278 • 

=*0i0231 

- Oi272r 

94;ec*J- 

^ 281 12!r 

•--941005 

--"20.128“ 

42iOOO- 

2 1 r 

c • ?o<;6 

0.1 720 

-0.0231 

0.2721 

94.665 

59.375 

94.005 

39.375 

16.000 

2 I "3 

0.1720 

0.2096 

-0.023 1 

0 .2721 

94.805 

50.625 

94.065 

50.625 

. 1 1 o.poo 

21) 

C . 127B 

0.2391 

-0.0231 

C.27^ 1 

94.60b 

61.8 75 

94.065 

61.875 

84.000 

220 

0.0767 

0.2594 

-0.0231 

0.2721 

94.665 

73.125 

94. 065 

73.125 

58.000 

22 1 

0.0206 

0.2698 

-0.023 1 

0.2721 

94.865 

84.375 

94.865 

€4.375- 

— - - 32.00C 

> 

-0.026.6 

* 0.2898 

-0.023 1 

0.2721 

94. 665 

95.625 

94.865 

95.625 

6.000 

22 J 

- C.C767 

0. 3694 

-0.0231 

0.2 7?l 

94.805 

106.875 

94. 865 

100.875 

lOQ.OOO 

22*1 

-C . 1270 

— 0.239r 



-0^^721 

— 94.66*3 

118il25 

— 941805 

118 .1-23“ 

741000 

22‘i 

-0. 1 720 

0.2096 

-0.023 1 

0.2721 

94. 665 

129.375 

94. 065 

129.375 

48.000 

226 

-0.2 )*i6 

0. 1 72 0 

-0.0231 

0.2721 

94.H05 

1 40*625 

94*865 

140*625 

22.000 

22 r 

-0.2391 

0 . 1 2 7H 

-0.0231 

0.272 i 

94.865 

151.875 

94.865 

■ iSl.875 

i i 6.00C 

2?R 

-C. ?694 

0.0787 

-0.02 3 1 

0.2721 

94.665 

163.125 

94. 865 

163.125 

90.000 

220 

-0 .2o9H 

0.0266 

-0.0231 

0.2721 

94.065 

174.375 

• 94.865 

174.375 

. - 64.000 

2 30 

-C. 

-0.0206 

-0.0211 

0.272 1 

9 4.6t 5 

135. 625 

94.865 

185.625 

30.00 0 

231 

-0.2694 

-0.0787 

-0.0231 

0.2721 

94.865 

196.675 

94.865 

196.875 

12.000 

•2.32 



— 0 .“1 2 70 

-*^•028-1 

— 0mT72’t~ 

94? 805“ 

208 . 125 

94. 865“^ 

208 « 128 

1 IJQ *UU V 

23 3 

-C.2096 

-0.1 720 

-C.02J1 

0.2721 

94.865 

219. 375 

94.865 

219.375 

80.000 

2 3^1 

-0.1720 

-0.2090 

-0.0231 

0.2721 

94.865 

230.625 

94. 865 

230.625 

54.000 

2 J!> 

-0.1276 

-0.2 391 

-0.0231 

C.2721 

9 4. 665 

241.875 

94.865 

241.875 

26.000 

23 5 

- C . J 7 6 7 

-0.2594 

-0.0231 

0.2 721 

94.665 

253.125 

94.865 

253* 125 

2.000 

2 3/ 

- C .026(1 

-0.26S)a 

-0.0231 

0.272 1 

94.005 

204.375 

94.865 

264*375 

- 96.000 

2 3'3 

0.02 6 (i 

-0.2698 

-0*023 1 

0.2721 

94.005 

275.625 

94.865 

275*625 

70.000 

2 30 

0.0767 

-0.2594 

-0.U231 

0.2721 

94.665 

260.075 

94.865 

286*875 

44.000 

— 1 . - - 1 . . It— ftfvn ' 

2^0 

Oi 12 70 

-t)i2 391 

1 

— t~ 

94;te5‘ 

298. 1 23 

94. 865— 

298*7*1^8 ' 

1 a *u vu 

24 1 

0.1720 

- C. 2096 

-0.023 1 

0.2721 

94.665 

309.375 

94.865 

309.375 

t 12.000 

242 

C . -?') 96 

-0. 1 720 

-0.023 1 

0.2721 

94. 005 

320.625 

94.866 

320.625 

. 86.0QO 

24 3 

0. .*3 9 1 

-0.i27B 

-0.02 3 1 

0.272 1 

94.665 

331.875 

94.865 

331.875 

6 0.00 0 

24 4 

0.2694 

-0.0787 

-0.023 1 

0.2721 

94.065 

343. 125 

94*865 

343.125 

34.000 

24*3 

0.2690 

-0.0260 

-0.0231 

0.2721 

94.805 

354.375 

94.865 

354.375 

8.000 

24 5 

C. 20 40 

0.0 

-0.0624 

0.2721 

103.252 

U. 0 

1 03.252 

0.0 

1 02.000 

24 / 

0.26 9 7 

0.0617 

-0.0624 

0*2721 

103.252 

1 1.250 

103.252 

11.250 

76.000 

24*3 

0 • .24 IT* 

0iT0l3 

- •»0i0624 

-o;2T2r 

1031252 

221500 

"t 03; 252 - 

- - “«.500* 

“■50.000 

24 3 

C. 22 C 2 

0. 1471 

-0.0624 

0.2721 

103.252 

33.750 

103.252 

33.750 

24.000 

250 

0. 1073 

0.1873 

-0.0624 

0.2721 

103.252 

' 45.000 

103.252 

45.000 

1 1 8.000 
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CU BE CCU NC -P CO C aOI M A TeS 

Dt sVances-meters angle s-dhgref.s 



cartesian coordinates 


SPHERICAL COORDINATES 


OR lENTATION 

ANGLES 

CU0E 




R 

THLTA 

PH! 

THETA 

PHI 

GAPMA 


X 

T 

Z 

“C~ 

C 

C 


.... ^ 


2S1 

0.1471 

0.2202 

-0.0624 

0.2721 

I03.2E2 

56.250 

1 03.252 

56.250 

92.00C 

252 

. C.1013 

0.2447 

-0.0624 

0.2721 

I03. HE2 

67. 500 

1 03.252 

67.500 

66.000 

25 3 

0.05 17 

0.2597 

-0.0624 

0.272 i 

IOJ.252 

78.750 

103.252 

70.750 

■ 40 . 00 c 

254 

-0.00 00 

0.264H 

-0.0624 

0.2721 

103.252 

90.000 

1 03.252 

90.000 

14.000 

255 

-0.05 17 

0.2597 

-0.0624 

0.2721 

103.252 

101 .250 

1 03. 252 

1 01 .250 

106.000 

256 

-0.1013 

0.2447 

-0.0624 

0.2721 

103.252 

112.500 

103.252 

1 12.500 

02.000 

25 r 

-0.1471 

C.2202 

-0.0624 

0.2721 

103. 2f 2 

123. 750 

1 03. 252 

1 23.750 

56.000 

256 

— C • 1 6*7 3” 

073 

-IT. 062 4 

"05T72 r 

1 035252 ■ ■ 

135i000 

103i?52 

-n'3S7QX)Xr 

3CTOOO” 

259 

-C.2202 

0.1471 

-0.0624 

0.2 72 1 

103.25? 

146.250 

103.252 

146.250 

4 . 00 c 

260 

-C.2447 

0.1013 

-0.0624 

0.2721 

103.252 

157.500 

1 03.252 

157.500 

90.000 

261 

-0.23S7 

0.U5I 7 

-0.0624 

0.2721 

103.252 

168.750 

1 03.252 

168.750 

72.000 

26? 

-0. 264H / 

0.0000 

-0.0624 

0.2721 

103.252 

180.000 

1 03. 252 

ISO. 000 

46.000 

26 i 

-0. 25^7 

-0.0517 

-0.0024 

0.2721 

103.252 

191 .250 

103.252 

191.250 

20.000 

264 

-0.2447 

-0. 1013 

-0.0624 

0.272 1 

103.252 

202.500 

1 03.252 

202.500 

1 14.000 

265 

-C.22C2 

-0.1471 

-0.0624 

0.2721 

103.252 

213.750 

1 03.25? 

213.750 

86.00C 

256 

-C.1373 “ 

-0. 1073- ~ 

*■*0.062 4 

05272T 

1035252 — 

225i 000 

— - 1 03.252 

*2255000* 

6?;OOC“ 

2«‘»? 

-0.1471 

-0.2202 

-0.0624 

0.272 1 

103.252 

230.250 

1 03.252 

236.250 

36.000 

26H 

- 0. 10 13 

-C.2447 

-0.0624 

0.272 1 

103.252 

247.500 

103. 252 

247.500 

t C.OOQ 

269 

-0.05 17 

-0.2597 

-0.0624 

0.2721 

103.252 

258.750 

1 03. 252 

258.750 

1 04.00C 

2 ^0 

C .00 CO 

—0.2646 

-0.0624 

0.272 1 

103.252 

270. 000 

1 03. 252 

270.000 

78.000 

27 1 

0.0517 

-C.2597 - 

-0.0624 

- 0.2721 

103*252 

281.250 

103*252 

281.250- 

52.000 

2 72 

C . 1 iJ 1 3 

-0 . 2447 

-0.0624 

0.2721 

103.252 

• 292.500 

1 03.252 

292.500 

26.000 

273 

C ♦ 14 7 1 

-0.2202 

-0.0624 

0.2721 

103.252 

303.750 

1 03.252 

303*750 

120.000 

*i # 'f 


0 . 1 C 73 

— O'* 062 4* 

05272 f 

"10 3521:2 ■ 

msiooo-' 

1 03i252- 

3t5.00tr 

" ■ 94.000* 

275 

C .2202 

-0. 1471 

-0.0624 

0.2721 

103.252 

326.250 

1 03.252 

326.250 

68.000 

2 75 

0. 24 4 7 

-0. 1013 

-0.0o24 

0.272 1 

103.252 

337.500 

1 03.252 

337.500 

42.000 

P,tf 

0.25< 7 

-0.0517 

-0.0624 

0.2721 

103.252 

348.750 

103. 252 

346.750 

i 6 «00 0 

27B 

C.24S2 

0.0253 

-0.1062 

0.2721 

112.982 

5. 806 

1 1 2.982 

5.606 

1 1 0.000 

2 79 

0 .2190 

0.0750 

-0. 106? 

0.272 1 

112*982 

17.420 

1 1 2.982 

17.420 

84.000 

260 

0.21 90 

0*1216 

-0.1062 

0.2721 

II2.9G2 

29.032 

1 1 2.982 

29. 032 

58.000 

261 

-9f\'9 — 

C . 1 9 C 1 

0.1632 

-0.1062 

0.2 72 1 

1 12.982 

40.045 

1 1 2*982 

40.645 

32.000 

C O r: 

u • 1 j O 

O'5"T'90t~”~ 

*05"! 00 2 

0 • 2 7 2 1“ 

1 1 1 2 — 


1 124962 

52^20 r- 

-e.ooc" 

28 3 

G . t 1 0 1 

0.2249 

-0.1062 

0.2721 

1 12.982 

63.871 

1 12.982 

63.071 

1 00.000 

264 

0 .0626 

0.2425 

-0.1062 

0.272 1 

1 12*982 

75.484 

1 12.982 

75.404 

74.000 

28 3 

0.0 1 27 

0.2502 

-0 * 1062 

0.2721 

112.982 

07.097 

1 t 2.982 

67.097 

48.000 

285 

C.03 79 

0.2476 

-0. 1062 

0.272 1 

t 1 2.982 

98.710 

1 12.982 

98. 710 

22.000 

20 7 

-0.0870 

0.2349 

-0.1062 - 

- 0.2 72 1 

- - 1 12.982 

1 10.32? 

1 1 2.982 

1 10.322 

116.000 

?aa 

-C. 1 125 

0.2126 

-0.1062 

0.272 1 

1 12.98? 

121.936 

1 12.982 

121.936 

90.000 

289 

-0.1726 

0.1615 

-0.1062 

0*2721 

1 12.982 

133.548 

1 1 2.982 

133.540 

64.000 

290 

-0.2055 

051431 

*TTrlOO'2 

015 2 72 r 

1 12.982 

145.161 

1 12.982 

■■ "* 1454 16 f- 

304000 ■■ 

291 

- C .2302 

0.09B6 

-0.1062 

0.2721 

1 12.982 

156.774 

1 12.982 

156.774 

1 2.000 

292 

- 0 . 24 f !l 

0.0504 

-0.1062 

0.272 1 

1 1 2.9P? 

168. 387 

1 12.982 

160.307 

106.000 

29 3 

— (1 • ? 5 C 5 

0.0000 

-0.1062 

0.2721 

1 12.982 

180.000 

1 1 2.902 

180.000 

8C.000 

294 

- 0.245 3 

-0.0504 

-0. 1062 

0.272 1 

1 12.982 

191.613 

1 12.982 

191 .613 

54.000 

295 

— C . 2 3 0 2 

—0 .0988 

-0. 1062 

0.2721 

1 1 2.982 

203.226 

1 1 2.982 

203.226 

20.000 

296 

“0.20 56 

-0.1431 

-0. 1062 

0.2 72 1 

1 12.982 

214.839 

1 12.982 

214.839 

2.000 

29 7 

-0.1726 

-0. 1015 

-0.1062 

0.2721 

1 1 2.982 

226.452 

1 1 2.982 

226 .452 

96.000 

290 

-0.1325 ■ • 

-^052120 

-051002 

0.?721 

11 2.982 

” 238. 065 

1 12.982 

••238.065 

TO.OOO “ 

299 

- C . 08 70 

-0.2349 

-0.10O2 

0.2T21 

1 12.982 

249.677 

1 1 2.9R? 

249.677 

44 . 00 c 

300 

-0.0379 

-0.2476 

-0. t0o2 

0.272 I 

1 12.982 

261.291 

1 1 2.982 

261.291 

le.ooc 
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CUBE CCPNEfJ COOnuiNATES 
D 1 ST’AKCES-ME TERS ANGLES-OEGREE S 

CARTESIAN COORDINATES SPHERICAL COOPOINATES ORIENTATION ANGLES 


CURE 

CCRNER 

301 

302 

303 
30A 
305 
30b 
30/ 

3UR 

309 
3 1 0 

311 

312 

313 
31 A 
315 

• K - - - 

0*012/ 
0.0620 
C . 1 1 03 
0.1531 
0. 1900 
0.2190 
C.2J90 




R 

tHETA 

PHI 

THETA 

PHI 

CAIVMA 

~y 

-0*2502 
-0*2425 
-0.2249 
-0* 19H1 
-0. 1632 
-0. 1216 
-0*0750 

-0.1062 
-0.1062 
-0.1062 
-0.1062 
-0*1062 
-0* 1062 
-0* 1062 

0.272 1 
0*2721 
0.2721 
0*2721 
0.2721 
0*2721 
0.272 1 

- c 

112.982 
112*982 
1 12.9 82 
1 12.9C2 
1 12*982 
1 12.982 
1 1 2.982 

C 

272*903 
284* 51 6 
296. 129 
307.742 
319.355 
330.968 
342.581 

N 

1 12*982 
1 12*982 
1 12.962 
1 12*902 
t 1 2.982 
1 1 2.982 
1 12*982 

N 

272.903 

234.516 

296. 129 
307.742 

319.365 

330*968 

342.581 

112.000 

66.000 

60.000 

34.000 

8.000 

102*000 

76*000 

Ci2492 "■ 
0.2326 
C.2279 
0.21 30 
0. I9C9 
C. li>C3 
0.1231 
C.OHCH 

-0*0233 

0*0 

0*0468 
0.0917 
0. 1 329 
0. 1<>86 
0. 19 74 
0.2U)2 

-o 

-0 

-0 

-0 

-0 

-0 

-0 

-0 

TVCT2 

141 1 
141 1 
1411 
141 1 
141 1 - 
141 1 
141 1 

“0.2 721" 
0.2721 
0*2 721 
0.2 72l 
0.2 72 I 
- 0.2721 

0.272 I 
0.272! 

11 2*9^82 
121.231 
121 .231 
121*231 
121.231 
121*231 
121*231 
121*231 

354 • 193~ 

0.0 

11.613 

23.226 
34.839 
.... 46*451 - 

58.065 
69.677 

*t t 2*952 
1 21*231 
1 21.231 
121.231 
121*231 
121.231 - 
1 21.231 
121.231 

394 ^193 
0.0 

11.613 
' 23*226 
34.839 

„ 46.451 

58*065 

69.677 

SOVOO^fT 
24*000 
_ ti8*ooq 
92*bbc 
66*000 

40*000 

14*00C 

toe*ooc 

31fj 
317 
310 
3 19 

320 

321 
3?2 
32 3 
32A 
323 
32b 
32 7 
320 
32 9 

330 

331 

■ ' Ci03E2 ‘ “ 

-O.Ol 10 
-C.05t3 
-C. 1025 
-0.1424 
-C.I7C5 
-C.2034 
-0.2220 
-C.23T4 “ 

-0.2.) 14 
-0.2220 
-0.2034 
- C . 1 7 f. 5 
-C. 1424 
-C. 1025 
-C.OSfcJ 

“ ~ CS2300 
0*2 323 
0*2252 
G.20H9 
0*1040 
0.1515 
0.1129 
0. 0696 

OJ0235 

-0.0235 
-0.0096 
-0. 1129 
-0.1513 
-0.1840 
-0.2089 
-0.2252 

-0 

-u 

-0 

-0 

-0 

-0 

-0 

=rxx 

-0 

-0 

-0 

-0 

-0 

-0 

-0 

141 t" 
141 1 
141 1 
1411 
141 1 
14 11 
14 1 1 
141 I 

0i2 72 1 — 
0.272 I 
0.272I 
0.272I 
0.^7? I 

. 0.2 721 - - 

0.2721 
0.272I 

1 2 T*^f^ E 

121.231 

121*231 

121*231 

121*231 

-121.231 

121.231 

121.231 

3L*290~* 
92*903 
104*516 
116*129 
127.742 
1 39.355 
150.968 
162*581 

*t2t.23L 
1 21.231 
121.231 
121.231 
121.231 
- 1 21.231 

121.231 
121.231 

81.290 

92.903 

104.516 

Ii6.i29~ 

127.742 

- 139.355 

150.968 

162.581 

02TOOC‘ 

56*000 

30*000 

4*000 

98*000 

72,000 

46*000 

20*000 

“1413 

141 1 
14 1 1 
14 1 1 
141 1 
141 1 
14 1 1 
141 1 

0^2721 

0.2721 
0.2721 
0.2721 
0.272 1 
0.2721 
0.2721 
0.2721 

T21i23l' 

121*231 

121*231 

121.231 

121*231 

121*231 

121*231 

121.231 

174.1 93 
185.806 
197.419 
209.032 
220.645 
232.258 
243*671 
255.484 

1 21.231 
1 21.231 
121.231 . 
121.231 
121.231 
- 121.231 

121.231 
121.231 

T74.T93 

165.806 

197.419 . „ 

209*032 

220*645 

232.258 - 

243*871 

255.484 

t1 4*00C 
88*000 

62.000 

36*000 
10*000 
— 104*000 
78*000 
52*000 

-532 " ” 

=^Ci01 TO 

=-0i?323 

‘ • • -^"O- 



0i272 1 

121 *231 

287 *99 7 

T21. 231 

267*097 

26 * 000~ 

333 

C.OJf 2 

-0.2300 

-0 

14 1 1 

0.2731 

121*231 

2/8.710 

121*231 

278.710 

120,000 

33 A 

c.orjce 

-0.2182 

-0 

141 1 

0.2721 

121.231 

290.322 

121.231 

290*322 

94*000 

333 

C. 1231 

-C* 19 74 

-0 

14 11 

0.2721 

121*231 

301*936 

i2l.?3l 

301*936 

68*000 

336 

C. IGOJ 

-0. 1686 

-0 

141 1 

0.2 72 1 

121.231 

313*540 

121.231 

313.548 

42*000 

33/ 

C.I9C9 

-O. 1329 

-0 

141 1 

0*2721 — 

- 121*231 

325. 161 

121.231 

-325*161 

-- 16*000 

130 

C.2I 30 

-0.0917 

-0 

14 1 1 

0*2721 

121*231 

336*774 

121*231 

336.774 

110*000 

339 

C.2279 

-0*0468 

-0 

14 11 

0.2721 

121.23 1 

340.367 

121*231 

348.387 

84*000 

-340 

C i 20 r 5 

0*0 

-^0“ 

— 1"7 fl ^ 

OT 13 - 72 I 

T 30*98 1' 

Oit> 

1 30*96 1 

0^0 

98 • 000 

34 1 

C. 1999 

0*0474 

-0 

1784 

0*272 1 

130.981 

13*333 

13C.961 

13.333 

32*000 

342 

C. 1H36' 

0*0922 

-0 

1764 

0.2721 

130*96 1 

26*667 

1 30*961 

26*667 

6*000 

34 3 

0.1574 

0*1 52i 

-0 

178 3 

0*2721 

130.98 1 

40.000 

1 30*961 

40.000 

“ ioo.boo 

344 

0* 1227 

C* 1643 

-0 

17E4 

0*272 1 

130*961 

53*333 

1 30*961 

53.333 

74.000 

345 

0.00 14 

0*1887 

-0 

178 4- 

0*272 1 

130*961 

66*666 

1 30*961 

66.666 

- 48*000 

346 

O.OJt 7 

0*2023 

-0 

1783 

0*272 1 

1 30.98 1 

80.000 

1 30*961 

80.000 

22.000 

34 7 

-C.Ol 19 

0*2051 

-0 

1783 

0*2721 

1 30*961 

93.333 

1 30*961 

93*333 

1 16*000 

34B 

-C.05P9 

0-.19GB - 

- -o 

1784 

tJT2T2“l 

1305^98 1 — 

106. 660 - 

“ 130i98l 

106.600 

9CS00C 

34 9 

-0. 1027 

0.1779 

-0 

1783 

0*272 1 

130.98 1 

120.000 

1 30.961 

120.000 

64*000 

350 

-0.14 10 

0*1494 

-0 

1783 

0*2 72 1 

1 30*96 1 

1 J3. 333 

1 30.961 

133.333 

38*000 
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r»RF CCCNFB COORD IMATES 


OISTAKCeS-METERS ANGLES-OFGREE S 


CUBE 

CARTESIAN CUUROINATES 

R 

SPHERICAL COORDINATES 
THETA PHI 

THETA 

ORIENTATION 

PHI 

ANGLES 

GANMA 

■t:cpne!T' 


T 

Z 

c 



*■* “N 

N 


351 

-0.17 15 

0.1129 

-0.1783 

0.272 1 

130.961 

1 46.666 

I 30.961 

146.666 

12*000 

352 

-0.1931 

C.0703 

-0.1703 

0.272 1 

130.961 

160. OOU 

1 30.961 

160.000 

106.000 

353 

-C.20AI 

0.0239 

-0. 1703 

0.272 I 

130.961 

173.333 

1 30.961 

173.333 

8C.000 

35A 

-0.2041 

-0.0238 

-0. 1703 

0.2721 

130.961 

106.666 

1 30.961 

186.666 

54.000 

355 

-0.1931 

-0.0703 

-0.1703 

0.272 1 

130.961 

200.000 

1 30.961 

200*000< 

28.000 

356 

-0.1717 

-0.1129 

-0.1704 

0.272 1 

1 30.961 

213.333 

1 30.961 

213.333 

2.00C 

357 

-C.14 10 

-0.1494 

-0.1704 

0.2721 

130.961 

226.666 

1 30.961 

226.666 

96.000 

35R 

Oi l 027 - 

-“=D71779 

— 0 . 1 70 3 

0^2T2r 

*130.96 1 

^3*>. 999 

1 3 Oi 961 

'**279.999 

TO.XrOIT" 

359 

-0.0589 

-0.1968 

-0. 1704 

0.272 1 

130.961 

253. 333 

1 30.961 

253.333 

44.000 

3ro 

-O.Ol 19 

-0.2051 

-0.1784 

0.2721 

, .130.961 

266.666 

1 30.961 

266.666 

. le.ooq 

3ei 

0.0 157 

-0.2023 

-0.1703 

0.272 1 

130.961 

279.999 

1 30.961 

279.999 

112.000 

3C2 

C . 0 8 1 4 

-0. 1887 

-0.1784 

0.272 1 

1 30.98 1 

293.333 

1 30.96 1 

293.333 

86.000 

363 

0.1227 

-0.1648 

-0.1784 

0.2721 

130. Q61 

306.666 

1 30.961 

306.666 

60.000 

36A 

0.1574 

-0.1321 

-0.1783 

0.2721 

I 30.961 

319.999 

1 30.961 

319.999 

34.000 

365 

0.1836 

-0.0922 

-0. 1784 

0.2721 

1 30.96 1 

3JJ.33J 

1 30.96 1 

333*333 

8.000 

3E6 

XJ'i 17 99 

*" 0 . 04 74 

— =0rlT04“ 

ni'2'72 T" 

130.96 1 

“346. 66G 

1 3 0. 96 1 

3 46 *606 

T02.000* 

36 7 

0.1724 

0.0 

-0.2105 

0.2721 

•14 0.691 

0.0 

1 40. 691 

0.0 

7€.(r00 

368 

C. IbCO 

0 . 04o5 

-0.2105 

0.2721 

140.69 1 

15.C52 

1 40.691 

15.652 

50.000 

369 

0. M 73 

0.0 890 

-0.2105 

0.2721 

140.691 

31.304 

1 40.691 

31.304 

24.00C 

J70 

0. 1 1 76 

0.1250 

-0.2105 

0.2721 

140.691 

46.957 

1 40.691 

46.957 

iie.ooo 

371 

0.0793 

0.1530 

-0.2105 

0.2721 

140.691 

62.609 

1 40.691 

62*609 

92.000 

372 

C.0J5I 

0. 1606 

-C.2105 

0.272 1 

140.691 

78«261 

140.691 

76.261 

66.000 

373 

-374 - 

-C.Ol 18 

0.1720 

- C.210S 

0.2721 

1 40.09 1 

93.913 

1 40. 691 
I4 0i'69l' 

93*913 

40.000 

— 0 . 03 77 

Oil 624 


0.2 721 

T 40i3j9 1 

1 09.506 

1 09*i666' 

1 4*00C 

375 

-0.0994 

0.1406 

-0.2105 

0.2721 

140.691 

125.21 3 

1 40.691 

125*218 

108.000 

3 76 

-0.1137 

0. lOdd 

-C.2105 

, - 0.2721 

140.69 1 

_ , 140.870 . 

140.691 

140.870 

82.000 

377 

-0.1581 

0.0687 

-0.2105 

0.2721 

140.691 

156.522 

140.691 

156.522 

56.000 

370 

-0.17(8 

0.0235 

-0.2105 

0.272 1 

140.691 

172.1 74 

140.691 

172.174 

30.000 

379 

-C.I7C8 

-0.0235 

-0.2106 

0.2721 

140.091 

137.026 

140.691 

167.826 

4.000 

380 

-0.1581 

-0.0687 

-0.2105 

0.2721 

140.691 

203.479 

140. 691 

203.479 

98.000 

38 1 

-C. 1 137 

-0.1088 

-0.2105 

0.2721 

140.691 

219.131 

140.691 

219*131 

72.000 


-070994 

■“*0 .'T 4118“ 

- C?^l 03 

0. 721 

T40s G'91 

234 * 70 3 

1 4 Oi 691 

234*783 

48.000 

33 3 

-0.0577 

-0.1624 

- C.2I05 

0.2721 

1 40.691 

250.435 

1 40.691 

250*435 

20.00C 

38 4 

-0.0 1 10 

-0.1 720 

- C.2105 

0.2721 

140.691 

266.007 

140.691 

266.087 

114.00C 

163 ‘ 

0.03^1 

-0.1088 

-0.2105 

0.2721 

140.691 

281.739 

1 40.691 

201.739 

88.00C 

386 

0.0793 

-0.1530 

-0.2105 

0.27?l 

I4Q.69 1 

297.392 

140.691 

297.392 

62.000 

38 7 

0.11 76 

-0. 1260 

-C.2105 

0.2721 

140.691 

313.044 

1 40.691 

313.044 

36.000 

308 

0.1473 

-0 .08‘16 

-0.2105 

0.2 72 1 

140.691 

320.696 

140.691 

328.696 

IC.OOQ 

389 

190 

C. 16C0 
0.1141 

-0.0465 
0 i a - - 

-0.2105 

0.2721 

140.691 

344 .348 
OiO “ 

140.691 

130.421 

344.348 

104.000 


0. 2'72 1 ' 

150.421 - — 

0.0' ■■ 

' 78.000 “ 

391 

0. 1262 

0.0459 

-0.2366 

0.2721 

150.421 

20.000 

150.421 

20.000 

52.000 

392 

C. 1029 

0.0863 

-0.2306 

0.2721 

150.421 

40. QOO 

150. 421 

40.000 

26.000 

19 J 

0.06 71 

0. 1 163 

-U.2366 

0.2721 

150.421 

60.000 

150. 421 

60.000 

120.000 

3S4 

0.0233 

0.1323 

— 0 . 23uO 

0.2721 

150.421 

80.000 

ISO. 421 

80.000 

94.000 

395 

-0.0233 

0.1323 

-0.2366 

0.2721 

150.421 

100.000 

150.421 

100.000 

68.000 

396 

-0.0671 

0.1163 

-0.2366 

0.2721 

150.421 

120.000 

150.421 

120.000 

42.000 

39 7 

-0.1029 

0.0863 

-0.2366 

0.2721 

150.421 

140.000 

150.421 

140.000 

16.00C 

390 

-0il2C2 

0i0459 

-0*2366 

OS2721 

150.421 

160*000- 

150*421 

160*000 

1 tCiOOO - 

399 

-0.1343 

0.0000 

• — 0 .2366 

0.2721 

150.42 I 

180.000 

ISO. 421 

180*000 

84.000 

AOO 

-0. 1262 

-C.0459 

-0.2366 

0.2721 

150.421 

200.000 

150.421 

200*000 

58.000 


UNIT 6 PAGE 11 



A-25 


CUOE CCRNCn COa«OIMATtS‘ 

O I feTANCFS-MF ANGLf: S-DE GPhE S 


CArvTCSlAK CUtH>DINATt:S SPHERICAL CDlROlf^ATLS ORIENTATION ANGLES 


CUOH. 

CCRNFIT 

X 

Y 

- ‘ Z - 

n 

c • 

THETA 

C 

PHI 

C 

THE TA 

N “ 

PHI 

‘ N 

GARMA 

401 

-0.1059 

-O.OOoJ 

-0.2366 

0.272 I 

ISC. 42 1 

220.000 

ISO.421 

220.000 

32.00C 


- U • Ob 7 1 

-0. 1 163 

— 0 . 2 3 

0.2 72 1 

150.42 1 

240.000 

150.421 

. .240.000 

6.000 . 

403 

- O.O.* j.T 

-0.1 523 

-0.2366 

0.2721 

ISO .42 1 

260.000 

ISO. 421 

260.000 

ibo.ooo 

404 

0 . 0 ^ ^ 3 

-0.1 323 

-0. 23».»6 

0.2721 

100.421 

280. 000 

ISO. 421 

280.000 

74.000 

4 0‘*» 

0.0'J H 

-0.1163 

-0.2366 

0 . 2 7 ? 1 

1S0.421 

300.000 

100.421 

300.000 

40.000 

4 0G 

0.1050 

-0.C303 

— 0 . 23<» 6 

0,2 7’ 1 

100*421 

320.000 

150.421 

320.000 

22.00C 

407 

0 . 1 2 C 2 

-0.04b9 

-0 .23».»( 

0.2721 

ISO. <2 1 

340.000 

150.421 

340.000 

1 16.000 

4CF? 

C.C954 

o;o 

-0.2055' 

0.2721 

"160.151 

• D.O * 

160.151 

‘ - 0.0 

— 9CiOO€* 

40 J 

0 .Ob 00 

0.0462 

- 0 • ?00 5 

0.2721 

160. 1 S 1 

30.000 

160. 151 

30.000 

64.00C 

4 10 

0. 04 f 2 

C.OOOO 

-0.2055 

0.272 1 

160*1 e 1 

60.000 

160. 151 

60.000 

36.000 

4 1 1 

-c.ooco 

0.0924 

-0.2b05 

0.2721 

IbO.tSI 

90.000 

100. 151 

90.000 

12.00C 

4 1^ 

-0.04C2 

O.OrtUO 

-0.20o5 

0.2721 

160. 1 5 1 

120. 000 

1 60. 1 £ 1 

1 20.000 

106.000 

4 1 3 

- C. OMCO 

0.046? 

-0.2005 

0.2721 

160.151 

150.000 

160. 151 

100.000 

00.000 

4 14 

-0.0054 

0.0000 

-0.2505 

0.2721 

160. 1 i 1 

1 00.000 

160.101 

180.000 

04.000 

4 15 

-c.oaco 

-0 .0462 

-0.2505 

0.2721 

100.151 

210.000 

160. ISI 

210.000 

26.000 

Alb 


“"-O.OQOa * *' 

— -0i?0ri'5 - 

t3i1!7?r 

"U>0it3t 

*"240i00t) 

— I60i 101 

24 0TO00 -* " 

2iOOC- 

41 7 

0.0000 

-0.C924 

- 0 ♦ 200 5 

0.2/7 1 

160* t 5 1 

270.000 

160. 151 

270.000 

56.000 

4 If) 

C.04C2 

-0 • 0:500 

-0.2005 

0.2721 

160.151 

300.000 

160.151 

300.000 

70.00C 

4 10 

C .OHOO 

-0.046? 

-0.?f>j5 

0.277 1 

160.151 

330.000 

160. 101 

330.000 

44.000 

4«?0 

0.04 70 

0.0 

-0.2670 

0.2721 

165.301 

0.0 

1 65.001 

0.0 

le.ooc 

4?l 

0.0239 

0.0414 

-0.2676 

- 0^2 721 

165.30 1 

60.000 .. 

165.001 

60.000 

- ii2.obo 

A 22 

-0.0539 

0.04 14 

-0.26 70 

0.27? 1 

1 65 . 0 e 1 

12U. 000 

165.001 

120.000 

86.00C 

A2J 

- 0. 04 70 

0.0000 

-0.2676 

0.2721 

165*901 

1HO.OOO 

165.001 

180.000 

6C.OOO 

424 

-C;0229 

-0.0414 

-~Oi?670- 

- - -tr;'27?r 

165. 4 El 

?40i000" • ■ 

“ 169.801 ' 

•240it)O0 

34i000- 

4?S 

0.0339 

-0.0414 

-0.267 8 

0.2721 

165.00 1 

300.000 

1 65.001 

300.000 

8.000 

4 Tb 

c.oooo 

0.0 

-0.2721 

0.2721 

IBO.OOO 

0.0 

180.000 

0.0 

102.000 


UNIT 6 PACE 12 


« 4 # 44 44 # 4 4 4 « 444 #'« 4 44 * 

96 4. •«•••«•,,«.,,,• r. -••«««.. 


60 


4« 
4. 
4. 
4« 
04 4. 
4* 
4* 

4H 4 I 
4« 
4* 
4* 
3;> 4« 
4. 
4 

♦ 16 4 

# 

• 

4 

0 4 
4 

• 




UUllll 

TT n ri iTt ni n r 


- I 6 




4, 
4« 
4. 
• 4i 
4H 4. 
4« 
4* 
4 « 
64 4. 
4« 


It 1 1 I 12222 1 1111111 
111 122222222 11 1 1111 U 

1 I I222233J322222222 U I I I 
I I 1 223 3344 33 3 3 32 23 322 21 I I 
I I 1323445444 3332333433221 11 
II I 12345GSG44 1322234444332 1 I 
II 1 2345505554433334 45554322 I I 
•It 12 345550055 544455*59554 3?^1 I — 
II 224453667064 344676066 5432 I I 
11 234^560 770532236867665532 1 I 
ll 2 3 45567 7 754 4 3 33 689 865 6 54 2 I 1 1 
1 11 22456676705777568937005421 11 
111 235667a86 7 79*97 7«i8 76f:i421ll 
III 2 45 066 76 7 66 7 765(1 768 76053 2 111 
I 11 23566678764333 3576760 54 32 I I 
ll 23455667075322357776554321 I ' 
ll 23455667770434460665554321 I 
II 124556606665444555555432 I 1 1 
11 I 2 3455555544 333 134555 4 32 I 1 I 
i 1 2 33455534 33332334554322 I 1 
I I 12334444433333334443321 11 
I I 1 122333333333333333221 I I 
I I 122222222222222222 I I I 1 
1 11 1 1122222222211 11 11 t 
1111111112211111111 
1111111 llllllll 
11111111 


I MfTAQ pf FFP^ry |0|4_ p^TTf Df .f 

PUAK CROSS SKCTION AT ( 

NO COATING 


eo 


€4 


48 


♦ 16 


16 


32 


40 


dO 


96 


* ••••••••••« 80 

• 

♦ * 



4« •«•••••••••••«•• • -•«•••••« ««• «««4 96 

«««4«*4«444 44 44«44444«44i444 44 4«44«444«4«444*««44«44> 
44««4**44«4#4 

•95 80 “64 4 8 32 -16 - 0 ♦l«-~'32 -48-64-80-96 


array printed in MICRORAOIANS 
RECIIIVER IS AT I 38 1 0) 

EASCR POl_AR ANGLE-= 

LASER 42IMUTM ANGLES 

LASER PLANE OE POL AR I ZA T lONs 


0) a 2.C3I90 C7 SQUARE METERS 
(INCLUDES EFF* FACTOR 1*001 


-OrO DECREES^ 

0»0 DEGREES 
0*0 DEGREES 


UNIT 11 PAGE 


I 



IMRJJLSE- RESPONSE. Ht&TOGPAM 


LASER POLAR AhCLE C.O 
LASER AZIMUTH- ANGLE- 0«O 
ZENITH ANGLE 0,0 


CEGREES 

DEGREES 

CEGRHES 


TIME 
ipicn- ■ 
SECI]NDS} 
-eso.59 
-d81«94 
-917. JO 
-950«bG 
-984 .01 . 
-1017.37 
— ^lO'JO .7 3- * 

- t 0 84 • C 6 
-I t 17.44 
-I ISO .80 
-1 184. IS 
-12I7.< 1 
-l.?50 .66 

- 1264 .22 

■ -I3l7i38- 
-I J5U.S3 

- I 304 .29 
-I4i7.es 
-I'iSl .CO 

- 14 H4 .36 
-IS 17 .72 
-1561 .C7 

- I '584 .43 
-It 17.79 
-1651 .14 
-l♦>84.50 
-I 717. €5 
-I 7SI .21 
-1784.57 
-1617.92 
-1881 .“28 
-1084.64 
-1917.99 
-1951 .35 


1»IC TCIKT 

• CELT A P — 

(MET EFS I 

- C . 12 i £ ♦ . _ . - - - . 

-C.I325 ♦ 

-C.1375 ♦ 

-C.142E ♦ 

-C.I4 75 ♦ 

-C.15 25 ♦ 

-CJ13 7S ♦ 

-C.I625 ♦ 

-C.I6 75 ♦ 

-C.I7 25 ♦ 

-C.I775 ♦ 

- C . M 2 £ « 

-C.I8 75 ♦ 

-C.W2E ♦ 

-C. 17 75 44 

-C.2J25 4 
-C.2075 f 
-C.il 25 44 
-C.21 75 44 
-0.2225 44 
-C.2275 444 

-C.2325 44444* 

-C.2375 44444444444444 " 

-0.2475 444444444444444444444 44 4I44444444444444444 

-C.2*= 2* 444444 44 4444444444444#44*f44441«444l444 44 A44444444 

-C.23 7 5 44 444444 44444 44444 444 44 44444 4 4 4 #4 4444 444* 444* 4 

-0.26 2 5 4 4 4444*44 4444 44444 444 44 4 4444 44 4 4 

-0.2675 44444444444444444. 

-0.27 25 44444*4 

4 
4 


PERCENT 

- -prtCTOELECTRONS" 


AVERAGE 

PMCTOELECT TCKS- 
PER BIN 


-*052775 

- C . 28 2 5 

- C . 28 7 5 
-C.2925 


4444444 4 4 44444 444 4 44 4 I 4 I 4 I 4 4 4 4 ♦ 4 f 4 ♦ 4 4 4 444 ♦ 44 4 4 4 4 4 4 4 
♦ ♦*♦4444 4* 

a 2 4 6 8 10 12 14 16 18 20 

PERCENT DF TOTAL RETURN SIGNAL STRENGTH 


0.00 

0. 518210-05 

0.00 

0.368140-04 

u.oo 

0.193310-03 

0.01 

0. 750520-03 

0. 02 

0.215480-02 

0.03 

0.457620-02 

0i05 

- 0.719020-^0 2-' 

0.06 

0.839C70-02 

0.06 

0.741 720-02 

0.04 

0.576850-02 

0.05 

0.678360-02 

0. t 1 

0. 140400-01 

0.21 

0.284660-01 

0 • 34 

0.447300-01 

' -0i40 

0.533870-01- 

0. J'J 

0. 514400-01 

0.37 

0.486860-01 

0.43 

0*570910-01 

0.58 

0. 765400-01 

0.75 

0.997850-01 

1.11 

0. 147 330 00 

2.?0 

0.303C70 00 

5.26 

0i700S3O 00 “ 

1 0.5? 

0.139980 01 

16.51 

0.219740 01 

10.83 

0.263890 01 

18.07 

0.240500 01 

1 2.47 

0. 165920 01 

6.51 

0.866320 00 

2.57 

0.342400 00 

AA - 

C . 7 7 

VJ • 1 oz u u 

0. t 7 

0.231870-01 

0. 0 .3 

0.396710-02 

0. 00 

0.379470-03 


0.133C70 02 


Id - 90 ppntENT RISE TIME IS 
THE 90 - to PERCENT FALL TIME IS 
TEE 50 - 50 PfcRCEM TIME INTERVAL IS 


109.C4 PICOSECONDS 
12 I .68 PICOSECONDS 
IS I .55 picoseconds 


THE CENTHOIO IS 
THE PEAK VALUE IS 


-0.2511 METERS OR -1675.29 PICCSECGNOS 

0.527780 03 PHOTOELECTRCNS PER CENTIMETER 


UNIT II PAGE 


lO 


2 


I 


APPENDIX B 

A SECOND METHOD OF MEASURING THE RANGE CORRECTION 


The Lageos array is composed of 426 cube comers, four of which are germanium and have 
no effects upon the visible laser reflections. The velocity aberration deflects the reflected 
beam by 32.77 to 38.34 jur, and therefore the individual cube comers were designed with a 
6.1-iur (1.25 arc-seconds) dihedral offset to compensate for the velocity aberration. The far- 
field pattern of each cube corner is a function of incidence angle (i), azimuth of the polari- 
zation vector ( 7 ), wavelength (X), and position in the far-field pattern (described by the polar 
coordinates \jj and r?). If this functional dependence is known, the reflected pulse shape, the 
range correction, and the cross section can easily be computed by summing the contribution 
of each cube comer. 

Unfortunately, such calculations can only be considered as a starting point because the actual 
“as produced” cube comers rarely conform to the specifications to the accuracy required 
for the calculations to be precise. However, such calculations are quite instructive in under- 
standing the behavior of the array, and therefore a simple analysis of the array will be per- 
formed for one specific orientation. 

To compute the return from an array of retroreflectors, the calculation starts with the indivi- 
dual cube corners. Their position and orientation on the satellite must be defined first. In 
the case of Lageos, if the cube comer location in polar coordinates is defined, the problem is 
greatly simplified because the radius for all cube corners is constant, and the position angles 
for each cube comer are identical to its orientation angles. This problem can be further 
simplified if a laser incidence direction is assumed in the south pole to north pole direction. 

In this case, the cube corners lie in several rings which are centered on the polar axis, and all 
the cube corners within a given ring have the same axial distance from the source. 

The key to solving the problem is to determine the cross section of the individual cube comers 
as a function of angle of incidence and far-field coordinates. To do this, Lageos was placed 
in the FFDP test setup and this function was determined experimentally by recording the 
FFDP of each row individually. These FFDP’s are shown in figures B-1 through B-5. On 
the basis of the analysis of these FFDP’s, empirical equations for the cross section in the 
32.77- to 38.34-/ur annulus .were developed and are shown with other pertinent parameters 
in table B-1 . The rows are numbered from the south pole (row 0) backward toward the space- 
craft CG. The number of cube comers in each row is shown in the second column. In the 
third column, the incidence angle is listed. In the fourth column is given the optical distance 
from the spacecraft CG which is computed by the formula: 

Z = RjjCosi— L\/n^ - sin* i (B-1) 
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Table B-1 

Model of Lageos Goss-Section Parameters 
Based Upon Row-by-Row FFDP Tests in 
Polar Orientation (Viewing South Pole)* 


Row 

Number 

Inclination 

Angle 

Z 

Cross Section^ / 
Computer Calculation 

0 

1 

0 

0.2567 

[1 + cos (2 t?)] 

1 

6 

10.12 

0.2533 

0.44 [1 +0.67 cos (2 t?)] 

2 

12 

19.85 

0.2410 

0.24 [1 +0.33 cos (2 t7)] 

3 

18 

29.58 

0.2210 

0.057 [1+0. cos (2r?)] 


Total Cross Section^ = 7.55 + 3.72 cos (2tj) 

*For 32.77- to 38.34-pr Annulus in FFDP. 

^ In Millions of Square Meters with the Far-field Azimuth, r), Relative to the 
Polarization Vector in Degrees. 

where R^ is the radial location of the front face of the cube comer (298.07 mm), L is the 
depth of the cube corner (27.8 mm), and n is the refractive index (1 .455). The last column 
lists the effective cross section of each cube corner in the row as a function of position in the 
far field. The quantity rj is the azimuth angle with respect to the polarization vector. Cross 
sections are evaluated for the 32.77- to 38.34-pr annulus. With the data in table B-1, it is 
a simple matter to convolve each cube corner with the laser pulse and obtain a return pulse 
for each cube comer, the strength of which depends upon the orientation and polarization, 
and the position of which depends on its Z-position. This has been done for a 62.3-ps 
FWHM pulse (approximately the same as that used in the target-signature testing), and the 
results are shown in figure B-6. This figure shows the signal strength normalized to the peak 
value as a function of time referenced to the time at which a pulse would return from a point 
reflector at the spacecraft CG. As can be seen, due to the very short pulse length, the indi- 
vidual rows produce separate peaks. The first peak represents row 0 and row 1 because these 
rows are separated by only 4.3 mm (28.7 ps). However, the second row is 1 2.2 mm (82.0 
ps) from the first row, and is therefore shown clearly as a separate peak. The third row is 
even further separated from the second (20.0 mm (133.3 ps)) and therefore also shows as a 
separate pulse. The rows beyond third row are at too steep an angle to produce any return. 
One thing is quite clear: as the far-field observation point azimuth moves farther away from 
the polarization azimuth, the energy in the reflected pulse decreases (energy in the pulse is 
proportional to the area under the curve). Further, the energy lost comes from the leading 
edge of the pulse. This causes the peak to shift backward towards the spacecraft CG as the 
cross polarization condition is reached. Figures B-7 and B-8 show the same type of curves 
for 1 25 and 250 ps, respectively. The range corrections derived from these curves are shown 
in table B-2. 
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Table B-2 

Peak Detection Range Corrections 



Range Corrections (ps) 

Range Corrections (mm) 

Azimuth 

for Pulse Widths* 

for Pulse Widths* 

Angle 

62.5 

125 

250 

62.5 

125 

250 

0° 

-1690 

-1670 

-1660 

-253.5 

-250.5 

-249.0 

45“ 

-1690 

-1650 

-1650 

-253.5 

-247.5 

-247.5 

90“ 

-1610 

-1620 

-1610 

-241.5 

-243.0 

-241.5 


*Pulse widths are defined by ps (FHWM) units. 


To compare these calculations with data taken in the target signature tests, figure B-9 was 
made taking the photomultiplier tube response into account. The laser pulse has a Gaussian 
profile and a FWHM of 62.5 ps, and the photomultiplier has a 10- to 90-percent rise time of 
150 ps. When these are combined (assuming a Gaussian photomultiplier impulse response), 
an effective Gaussian impulse response with a standard deviation of 92 ps (217-ps FWHM) 
is obtained. Due to the broadening of the pulse by the photomultiplier, all indication of the 
separate rows is lost. However, the polarization effects are still quite evident, amounting to 
a shift of approximately 6 mm for peak detection. If the detector uses 50-percent peak on 
the leading edge as a criteria, the shift increases only slightly to 6.5 mm. 

It should also be noted that the range correction is a function of pulse length. When the laser 
pulse is convolved with the satellite response because of the skewness of the satellite response 
curve, the peak of the return pulse shifts towards the spacecraft CG. Figure B-9 shows the 
effect for the 0° polarization conditions for pulse lengths varying from 62.5 to 1000 ps. 

Table B-3 shows the positions of the peaks for the various pulse lengths. 

In summary, on the basis of analysis derived from actual experimental FFDP, the range cor- 
rection varies by as much as 8.5 mm with polarization and by up to 8.1 mm with pulse length. 
The actual value derived from target signature tests (249 ± 1 .7 mm; see figure 18) agrees 
extremely well with the results from FFDP tests (figure B-1 0 and table B-4). In comparing 
these results, it should be kept in mind that the tests were taken over the entire annulus and 
represent an average range correction. Table B-4 lists the range correction as a function of 
far-field azimuth. When this table is weighted according to the relative intensity of the various 
far-fieid positions, an average range correction of 247.0 mm is obtained. The final result is 
that for all polarizations and pulse lengths, the range correction is 249^^ mm for peak 
detection. 

An analysis of figure B-10 also shows that the expected pulse width is 261-ps FWHM and 
appears to be in close agreement with the results. The slight increase of 21 ps (8 percent) 
over the experimentally measured value is probably due to the fact that the analysis was done 
for one special orientation, and errors in estimating the pulse width and photomultiplier rise 
time. 
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Table B-3 

Range Correction as a Function of Pulse Length 


Pulse 
Width 
(ps FWHM) 

Range Correction 

(ps) 

(mm) 

62.5 

-1692 

-253.8 

125 

-1654 

-248.1 

290 

-1646 

-246.9 

500 

-1640 

-246.0 

1000 

-1638 

-245.7 


Table BA 

Peak Detection Range Correction 
(Photomultiplier Response Included) 


Azimuth 

Angle 

Range Corrections for 
Pulse Width 62.5 X lO'^^ sec (FWHM) 

(ps) 

(mm) 

0° 

-1660 

-249.0 

45° 

-1650 

-247.5 

90° 

-1620 

-243.0 
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Figure B-1. FFDP of the Lageos Satellite's south pole 
(laser type: neutral density = 0.3). 
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Figure B-2. FFDE of first row from south pole 
(laser type: neutral density = 1 .0, 
incidence angle = 10.1°). 
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Figure B-3. FFDP of second row from south pole 
(laser type: neutral density = 1.0, 
incidence angle = 19.8°). 
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DIFFRACTION PATTERN SCALING: 

X ft V axes: 1 CHAR. « 2 MICP. ORADS 

I CHAR. -4. EC SO, METERS RADAR X-SEC. . 
CROSSHAIR Indicates optical centerline 
LASER UAI'ELENCTH ■ .C32B MICRONS POLARIZATION 

spacecraft LATT.- 0.0 DEG, ... LONG. - 

OPTICAL DATA DIGITIZER EXP ----- . 

LASER ON S MSEC 


R - le UNITS 


IZER EXPOSURE TIMES t 
ODD OPEN 50 MSEC 


Figure B4. FFDP of third row from south pole 
(laser type: neutral density = 0.3). 
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Figure B-5. FFDP of full satellite illumination from south pole 
(lasertype: neutral density = 1.0). 
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